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INTRODUCTION 


In  recent  years,  the  aluminum  industry  has  directed  an  intensive  effort  toward  optimizing 
strength-toughness-stress-corrosion  combinations  in  2XXX-  and  7XXX-series  wrought  alloys. 
Examples  are  2419,  2124,  2048,  7050,  and  7475  in  aluminum-alloy  plate  and  2419,  7049, 
7050,  and  7175  in  aluminum-alloy  forgings.  Development  of  these  alloys  has  included  work 
in  the  areas  of  alloy  chemistry  and  processing.  Reduction  of  intermetallic  particles,  both 
soluble  and  insoluble,  has  been  broadly  exploited. 

Future  improvements  in  structural  properties,  i.e.,  increased  fracture  toughness  with  no  loss 
in  strength,  can  be  achieved  through  the  application  of  microstructure  control  to  products 
with  optimum  alloy  chemistries  to  obtain  desirable  microstructures  not  now  available  with 
conventional  processing  methods.  There  are  several  approaches  to  controlling  microstructure; 
they  include  powder  metallurgy  for  wrought  products,  refinements  in  ingot-casting  technology, 
advanced  and  specific  thermomechanical  treatments  during  ingot  processing  to  improve  and 
control  grain  size  and  morphology,  and  thermomechanical  treatments  following  the  solution- 
heat-treat  operation  which  would  establish  new  final  precipitate  and  dislocation  structures. 

The  objective  of  this  program  is  to  develop  industrially  viable  fabrication  schedules  for  produc- 
ing aluminum-alloy  forgings  which  will  possess  combinations  of  strength,  fracture  toughness, 
fatigue  performance,  and  resistance  to  stress-corrosion  cracking  superior  to  that  of  7075-T73. 

POWDER  METALLURGY 

The  present  powder-metallurgy  (P/M)  approach,  i.e..  the  work  of  Cebulak1 . has  not  only 
concentrated  its  efforts  in  the  area  of  high  strength  and  toughness,  but  has  also  emphasized 
resistance  to  stress-corrosion  cracking.  The  present  P/M  alloys  offer  considerable  promise  of 
providing  superior  combinations  of  the  three  properties.  P/M  alloys  were  not  considered  in 
this  study  because  production  quantities  of  P/M  wrought  products  are  not  now  available. 
Emphasis  has  been  placed  on  ingot  metallurgy  approaches,  particularly  in  the  areas  of  thermo- 
mechanical treatment. 

FINAL-PROCESSING  TMT  (FTMT) 

References  2 through  7 describe  several  procedures  that  involve  a combination  of  thermal 
and  mechanical  treatments  of  2XXX-  and  7XXX-series  alloys  following  solution  heat  treat- 
ment, i.e..  prior  to  or  during  aging.  Such  concepts  are  not  new;  the  T8  tempers  of  2XXX 
alloys  have  been  commercially  available  for  many  years.  The  newer  TMT  processes  differ 
in  that  they  generally  involve  preaging  at  artificial  aging  temperatures  prior  to  mechanical 
working.  They  fall  into  two  general  categories: 

• Those  which  seek  to  improve  stress-corrosion  resistance  while  suffering  no  loss  in 
tensile  properties  or  fracture  toughness 

• Those  which  seek  to  improve  tensile  strength,  while  minimizing  loss  in  fracture 
toughness.  These  processes  have  not  emphasized  stress-corrosion  resistance. 


The  first  type,  described  by  Sommer  et  al  , involves  elevated-temperature  working  of  a 16- 
type  temper  to  improve  stress-corrosion  resistance.  The  second  type,  described  by  a number 
of  workers  ^*8,  produces  strength-toughness  combinations  which  may  be  attractive  for 
certain  high-strength  applications  of  sheet  or  plate  but  do  not  require  a high  degree  of 
resistance  to  stress-corrosion  cracking.  If  it  were  possible  to  develop  adequate  stress-corrosion 
resistance  using  such  methods,  it  is  doubtful  that  these  techniques  could  be  adapted  to  the  closed- 
die-forging  practices  which  are  the  ultimate  goal  of  this  contract  effort. 

For  these  reasons,  final-processing  TMT  was  not  included  in  this  investigation. 

INGOT-PROCESSING  TMT  (ITMT) 


It  has  been  known  for  some  time  that  a fine,  recrystallized  grain  structure  in  sheet  is  a desirable 
microstructure  for  high  toughness.  In  sheet  form,  these  structures  are  usually  obtained  by 
cold-rolling  prior  to  and  recrystallizing  during  solution  heat  treatment. 

Producing  plate  and  forgings  in  a similar  manner  by  cold-working  prior  to  solution  heat  treat- 
ment has  not  been  possible  with  today’s  alloys  and  fabrication  procedures,  largely  because 
limited  ductility  prohibits  introduction  of  sufficient  cold  work.  Hence,  commercially  available, 
thick-section  wrought  products  often  have  an  unrecrystallized.  highly  elongated  lamellar  grain 
structure  which,  although  desirable  for  some  properties  in  some  directions,  is  considered 
detrimental  to  fracture  toughness  in  the  short-transverse  direction. 

Recently,  DiRusso  et  al^  and  Waldman  et  al^  developed  novel  processes  specifically  designed 
to  produce  a fine-grained,  recrystallized  structure  in  7XXX  alloy  plate.  These  processes,  referred 
to  as  Intermediate  Thermal-Mechanical  Treatments,  (ITMT)  including  establishing  a preliminary 
structure  amenable  to  recrystallization  by  applying  appropriate  thermal  treatments  prior  to 
working  at  lower-than-conventional  working  temperatures  (in  the  case  of  7X75  plate,  the 
warm-working  temperature  was  500°F).  The  warm  working  introduces  relatively  high  degrees 
of  strain  hardening  which  promote  recrystallization  to  a relatively  fine-grained  equiaxial  grain 
structure  during  a subsequent  high-temperature  thermal  treatment.  ITMT  methods  produce 
products  that  have  either  a recrystallized  grain  structure  or  an  altered  grain  structure  produced 
by  hot  working  the  previously  recrystallized  structure;  the  latter  procedure  elongates  the 
recrystallized  grains.  The  resulting  grain  morphology  is  desirable  for  good  fracture  toughness 
and  the  general  fabrication  method  involved  in  achieving  this  structure  may  be  commercially 
feasible  for  forgings.  For  these  reasons,  the  ITMT  approach  was  selected  for  this  study. 

To  effectively  evaluate  the  advanced  processing  for  applications  to  forging  of  hardware,  the 
special  technologies  of  the  material  producer  and  the  airframe  manufacturer  have  been  combined. 
The  material  producer.  Aluminum  Company  of  America,  applied  recently  developed  methods 
to  forging  fabrication  and  the  initial  optimization  of  candidate  processes.  The  airframe  manu- 
facturer, the  Boeing  Vertol  Company,  performed  the  final  evaluation  through  structural- 
properties  testing  of  the  two  most  promising  candidates  identified  by  the  material  producer. 


The  final  evaluation  includes  side-by-side  testing  of  conventional  7075-T73  for  comparison 
with  the  Intermediate-Thermal-Mechanical-Treatment  alloys  to  permit  a valid  assessment  of 
the  impact  of  results  on  the  design  of  helicopter  structure. 


DISCUSSION 


The  Boeing  Vertol  Company,  with  subcontracted  support  from  the  Aluminum  Company  of 
America,  conducted  a four-part  program  to  develop  industrial  techniques  for  producing  im- 
proved aluminum-alloy  forgings  and  to  evaluate  the  forgings  for  use  as  components  in  helicopters. 

The  primary  objective  of  this  program  is  to  develop  industrial  techniques  for  producing  forgings 
ranging  from  1 to  6.7  inches  in  section  thickness  and  meeting  the  target  properties  shown  below: 


Tensile  Properties 
Toughness 
Fatigue  Properties 
Stress  Corrosion 


Equivalent  to  or  better  than  7075-T73 
20%  better  than  7075-T73 
20%  better  than  7075-T73 
Equivalent  to  or  better  than  7075-T73 


To  achieve  this  objective,  four  tasks  were  identified  for  accomplishment. 

TASK  I - SELECT  ADVANCED  PROCESSES  FOR  SCALE-UP 

Task  I was  a laboratory-process-optimization  effort,  concentrating  on  a combination  of  alloy- 
chemistry  and  alloy-processing  method  to  achieve  the  best  combination  of  strength,  fracture 
toughness,  and  resistance  to  stress-corrosion  cracking  as  indicated  by  screening  tests.  Thirty- 
one  advanced-alloy /process  combinations  or  modifications  on  a 7475  alloy  were  selected  for 
initial  evaluation.  The  major  parameters  associated  with  the  advanced  processes  include 
chemistry,  solidification  and  homogenization,  ingot  processing,  and  thermal/mechanical 
treatments,  and  are  based  primarily  on  work  done  by  investigators  at  the  Frank! ord  Arsenal, 
Massachusetts  Institute  of  Technology,  and  Istituto  Sperimentale  dei  Metalli  Leggeri. 

One  2 by  8 by  30-inch  hand  forging  with  pronounced  longitudinal  grain-flow  characteristics 
was  produced  for  each  of  the  selected  candidate  alloy/process  combinations.  Thermal- 
mechanical  treatment  (TMT)  was  applied  during  ingot  processing  to  control  grain  size  and 
grain  morphology.  The  tensile  properties,  fracture  toughness,  stress-corrosion  resistance,  and 
metallurgical  structure  of  each  forging  were  determined  and.  on  the  basis  of  these  results,  two 
optimum  TMT  practices  were  selected  for  scale-up  to  industrial  status. 

TASK  II  - PRODUCF  FORGINGS  USING  CONVENTIONAL  AND  SCALED-UP 
ADVANCED  PROCESSES 

During  Task  II,  scaled-up  forgings  for  detailed  testing  were  produced  at  Alcoa's  Cleveland 
Works.  The  test  forgings  selected  are  representative  of  helicopter  structural  components  and 
were  1 7 inches  wide  with  section  thicknesses  of  6.7.  2.0.  and  1 .0  inch,  respectively  (see 
Figure  1).  In  addition  to  these  three  forgings  for  each  optimum  TMT  process,  conventional 
7075-T73  forgings  were  produced  in  the  same  sizes.  A total  of  nine  scaled-up  forgings  were 
produced  and  delivered  to  the  Boeing  Vertol  Company. 
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Figure  1.  Individual  Task  II  Forgings  for  Conventional  7075-T73  and  7475-TMT1  and 
7475-TMT2  Alloys. 

TASK  III  - CONDUCT  MECHANICAL-PROPERTIES  TESTS  ON  FORGING  MATERIAL 

In  this  phase  of  the  program  the  room-temperature  mechanical  properties  of  the  nine  forgings 

produced  in  Task  II  would  be  determined  by  test.  The  following  characteristics  would  be 

measured: 

a.  Tensile  properties  as  determined  using  ASTM  procedures  and  specimen  configuration. 

Tests  would  be  conducted  on  specimens  with  longitudinal  grain  direction  and  on  specimens 
with  short-transverse  grain  direction. 

b.  Fracture-toughness  properties  would  be  determined  using  a compact-specimen  configura- 
tion and  test  procedures  per  ASTM  method  E399-72T  . Properties  for  the  longitudinal 

and  short-transverse  grain  directions  would  be  established. 

c.  Fatigue  properties  would  be  determined  on  axially  loaded  specimens.  Constant-amplitude 
fatigue-stress  levels  for  testing  would  be  selected  with  the  objective  of  obtaining  data  over 
the  life  range  from  10  to  5 x 10^  cycles.  The  influences  of  stress  ratio  (minimum  stress/ 
maximum  stress),  stress  concentration,  and  grain  direction  would  be  investigated. 

d.  Fatigue-crack-propagation  properties  would  be  determined  using  the  compact-specimen 
configuration  and  constant-amplitude  fatigue  loading.  The  influences  of  ar,  air  environment 
and  a salt-solution  environment  would  be  investigated.  In  addition,  the  properties  of  the 
longitudinal  and  short-transverse  grain  directions  would  be  determined. 

e.  Stress-corrosion-resistance  properties  would  be  established  using  Federal  Test  Method  823 
or  the  latest  recommendation  of  Joint  Aluminum  Association-ASTM  Task  Group  for 
stress-corrosion  testing  of  high-strength  7000-series  aluminum  alloys. 


TASK  IV  - ANALYZE  AND  EVALUATE  DATA 


The  objectives  of  this  task  are  to  analyze  and  evaluate  the  metallurgical  and  mechanical- 
properties  data  developed  in  the  previous  tasks  and  to  assess  the  impact  of  improved  mechanical 
properties  on  the  weight  and  cost  of  helicopter  components. 


TABLE  1.  COMPARISON  OF  PROPERTIES 


The  influence  of  the  processing  on  properties  will  be  identified.  Primary  emphasis  will  be 
placed  on  ranking  the  candidate  processing  techniques  with  respect  to  their  ability  to  improve 
tensile,  fatigue,  fracture,  and  stress-corrosion-resistance  properties.  The  properties  obtained 
with  the  advanced-alloy/process  combinations  will  be  compared  with  the  properties  obtained 
from  the  conventionally  processed  7075-T73.  The  parameters  used  for  comparison  will 
include  those  identified  in  Table  1 . 


Metallurgical  analyses  will  be  directed  toward  understanding  the  mechanisms  relating  the 
processing  and  resulting  microstructure  to  the  mechanical  properties.  This  will  help  identify 
the  optimum  process  for  a specific  application. 


The  culmination  of  the  program  is  the  evaluation  of  the  candidate  materials  for  application  to 
helicopter  components.  The  evaluation  answers  the  question.  “Is  it  cost-effective  to  use  these 
advanced  processes  to  produce  forgings  for  helicopter  components?"  Obviously,  the  answer 


Basis  of  Comparison 

Parameters  for  Making  Comparison 

Tensile  properties 

Tensile  ultimate  strength 
Tensile  yield  strength 
Elongation 
Reduction  in  area 

Fatigue  properties 

Fatigue  limit  at  5 x 10^  cycles 
S-N  curve,  fatigue  strength  as  a 
function  of  life 

Goodman  diagram,  mean-stress/ 
alternating-stress  relationship 
for  various  constant  cyclic 
lifetimes 

Fracture  properties 

Plane-strain  fracture  toughness 
per  ASTM  399-70T 
Notched  tensile-strength  to-yield- 
strength  ratio 

Fatigue-crack- 
propagation  properties 

Fatigue-crack-growth  rate  as  a 
function  of  stress-intensity  level 

Stress-corrosion 

resistance 

Stress  levels  and  times  for  stress 
Corrosion  cracking  as  identified 
from  testing  according  to 
Federal  Test  Method  823  or 
Joint  Aluminum  Association- 
ASTM  task  group  for  stress- 
corrosion  testing 

depends  on  the  details  of  the  specific  application.  One  of  the  objectives  of  this  analytical  task 
is  to  provide  evaluations  for  some  specific  applications  and  to  provide  the  guidelines  whereby 
the  cost-effectiveness  of  other  applications  can  be  evaluated. 


Many  considerations,  such  as  cost,  weight,  reliability,  and  maintainability,  govern  the  design  of 
a helicopter  structural  component.  Weight  is  a basic  concern  in  such  applications  and  results 
directly  from  satisfying  structural  requirements  related  to  parameters  such  as  static  strength, 
fatigue  strength,  and  failsafe  or  damage-tolerance  strength. 

Many  current  and  proposed  helicopter  dynamic-system  components  are  aluminum  forgings; 
typical  components  are  shown  in  Figure  2.  These  components  are  generally  sized  by  fatigue- 
strength  considerations.  Advanced  processes  for  aluminum  forgings  possessing  increased 
fatigue  strength  have  potential  for  weight  savings  in  direct  proportion  to  the  increase  in 
strength. 

The  weight-savings  potential  for  helicopter  components  sized  to  damage-tolerance  requirements 
will  also  be  evaluated. 

Typical  weight  savings  will  be  determined  for  various  loading  criteria.  The  next  step  is  to 
establish  whether  the  potential  weight  savings  are  cost-effective.  This  will  be  achieved  through 
consideration  of  forging  costs,  the  amount  of  weight  saved,  the  number  of  components 
involved,  and  the  value  of  a unit  of  weight  in  the  aircraft  cost  analysis. 

Each  task  is  discussed  in  detail  in  the  following  sections. 
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TASK  I - SELECTION  OF  ADVANCED  PROCESSES 


The  goal  of  Task  I of  this  contract  was  to  produce  and  evaluate  at  Alcoa  Laboratories  1.0-  and 
2.0-inch-thick,  high-purity,  7XXX-series  alloy  hand  forgings.  The  hand  forgings  were  to  be 
produced  from  laboratory  cast  ingot  using  ITMT-type  practices  and  a commercial  forging 
practice.  Based  on  these  evaluations,  two  ITMT-type  procedures  were  to  be  selected  to  pro- 
duce high-purity  7XXX  alloy  hand  forgings  at  the  Cleveland  Forge  Plant  for  testing  by  the 
Boeing  Vertol  Company. 

MATERIAL  AND  PROCEDURE 

Alloy 

Alloy  7475,  a modification  of  7075,  which  nominally  contains  percentages  at  5.70  Zn,  2.25 
Mg.  1.55  Cu,  0.20  Cr,  0.12  maximum  Fe,  and  0.10  maximum  Si.  was  selected  for  this  work. 
The  iron  and  silicon  in  7475  are  restricted  to  the  lowest  values  that  are  considered  to  be  com- 
mercially feasible. 

Ingot 

Direct-chill  ingots,  7 inches  in  diameter  by  100  inches  long,  were  used  for  the  fabrication  in 
Task  I.  The  ingots  were  stress-relieved  at  575°F.  cropped,  scalped  to  6.5-inch  diameter,  and 
cut  into  15.5-inch  lengths.  The  compositions  of  the  ingots  are  as  follows: 


S-No. 

Zn 

Mg 

Cu 

Cr 

Fe 

Si 

Ti 

426669 

5.96 

2.31 

1.63 

0.20 

0.06 

0.04 

0.01 

437666 

5.84 

2.23 

1.69 

0.20 

0.06 

0.05 

0.03 

Fabrication 

Two  broad  types  of  structures  were  produced  using  ITMT-type  practices:  (l)a  recrystallized 
structure,  and  (2)  a structure  that  was  produced  by  moderately  hot-workin'-  a structure  that 
had  been  recrystallized  during  an  intermediate  thermal  treatment.  In  addition,  hand  forgings 
having  an  unrecrystallized  structure  were  produced  for  comparison.  Attempts  to  produce  the 
desired  fine-grained  recrystallized  structure  proceeded  in  phases.  The  initial  trials  employed 
warm-forging  at  a temperature  of  500°F,  the  temperature  which  was  found  to  produce  the 
target  Fine-grained  recrystallized  structure  in  7475  rolled  plate  using  ITMT-type  practices.  When 
this  failed  to  produce  the  desired  structure,  succeeding  trials  were  carried  out  using  warm- 
forging temperatures  below  500°F. 

The  1.0-  and  2.0-inch-thick  7475  hand  forgings  produced  in  Task  I were  obtained  by  a com- 
bination of  upsetting  and  drawing  operations  carried  out  at  various  temperatures.  The  forging 
operations  were  carried  out,  maintaining  as  closely  as  possible  the  desired  temperature  in  each 
case  by  suspending  the  forging  operations  when  the  temperature  of  the  billet  increased  50°F 
above  the  starting  temperature,  holding  until  the  temperature  of  the  billet  decreased  to  the 
starting  temperature,  then  continuing  the  forging  operation.  If  the  temperature  of  the  billet 
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decreased  25°F  below  the  starting  temperature  during  forging,  the  forging  operation  was 
stopped  and  the  billet  was  reheated  to  the  starting  temperature;  the  forging  operation  was 
then  continued. 

The  deformation  introduced  during  each  of  the  forging  steps  was  measured  by  the  value  N 
(N  = original  dimension  in  the  direction  of  greatest  reduction/final  dimension  in  the  direction 
of  greatest  reduction).  In  many  of  the  forging  sequences,  several  N values  are  required  to  des- 
cribe the  deformation  obtained  because  the  billet  was  deformed  in  several  directions  between 
succeeding  thermal  treatments. 

The  size  of  the  starting  ingot  sections  was  restricted  by  the  capacity  of  the  forging  press,  the 
size  of  the  dies,  and  the  maximum  L/D  ratio  allowed  for  upsetting  operations.  In  upsetting 
an  ingot  section  or  forging  billet,  the  relationship  between  the  length  of  the  section  in  the 
direction  of  upsetting  and  the  smallest  dimension  perpendicular  to  the  direction  of  upsetting 
(L/D)  is  critical.  To  obtain  the  proper  metal  flow,  the  L/D  ratio  must  be  no  greater  than  3 and 
in  most  commercial  forging  operations  involving  upsetting  the  L/D  ratio  is  a maximum  of  2.4. 
In  the  forging  work  in  Task  I,  a maximum  L/D  ratio  of  2.4  was  used. 

The  practices  used  in  Phase  I to  fabricate  1.0-  and  2.0-inch-thick  7475-T7X  hand  forgings  by 
ITMT-type  practices  are  described  in  detail  in  Tables  2 and  3.  Alloy  7475  hand  forgings  1.0 
and  2.0  inches  thick  having  an  unrecrystallized  structure  were  also  produced.  Practices 
patterned  after  the  Frankford  Arsenal  ITMT  (FA-ITMT)  plate  practice  (forgings 
S-426669-7  and  -13)  were  also  included  in  Phase  I.  The  target  fine-grained  recrys- 
tallized structure  was  not  obtained  in  the  hand  forgings  fabricated  in  this  phase  (500°F 
forging  temperature);  consequently  lower  forging  temperatures  were  investigated  in  Phase  II. 

The  practices  used  in  Phase  II  to  fabricate  1.0-  and  2.0-inch-thick  forgings  by  ITMT-type 
procedures  are  described  in  Tables  4 and  5.  These  practices  evaluated  warm-forging  tempera- 
tures of  350— 400°F  in  conjunction  with  the  same  thermal  treatments  and  forging  sequences 
used  in  Phase  I.  The  target  fine-grained  recrystallized  structure  was  again  not  obtained  in  the 
hand  forgings  fabricated  in  Phase  II.  The  use  of  the  350°F  temperature  taxed  the  capacity 
of  the  forging  press  so  this  temperature  was  not  used  in  Phase  III.  Thus,  other  thermal  treat- 
ments and  forging  sequences  were  evaluated  in  Phase  III. 

The  practices  used  in  Phase  III  to  fabricate  1.00-  to  2.25-inch-thick  forgings  by  ITMT-type 
practices  are  described  in  Tables  6 and  7.  A practice  patterned  after  the  Instituto 
Sperimentale  dei  Metalli  Leggeri  (ISML-ITMT)  plate  practice  (forgings  S-437666-26A  and 
-26B)  and  variations  in  the  warm-forging  sequences  at  400°F  were  tried  in  Phase  III.  Several 
thicknesses  of  finished  hand  forgings  were  fabricated  from  the  same  ingot  section  by  produc- 
ing stepped  hand  forgings.  An  acceptable  fine-grained  recrvstallized  structure  was  obtained 
in  the  1.0-inch-thick  portion  of  a 7475-T7X  hand  forging  produced  in  Phase  III. 

The  forging  practices  used  in  Phases  I,  II.  and  III  are  described  pictorially  in  Figures  3 through 
33. 
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Thermal  Treatments 


A temperature  ot'  960°F  was  used  for  the  majority  of  the  ingot  preheats*,  billet  reheats,  re- 
crystallization. and  solution-heat  treatments  in  this  work  because  prior  Alcoa  work  demon- 
strated beneficial  effects  of  the  960°F  treatments  on  fracture  toughness.  (Refer  to  U.S.  Patent 
No.  3.  791, 880).  Work  at  Alcoa  under  U.S.  Army  Contract  DAAA25-73-C-0657  showed  no 
adverse  effects  of  a 960°F  temperature  on  the  recrystallized  grain  size  of  7475  plate  produced 
using  ITMT-type  practices.  All  thermal  treatments  were  earned  out  using  circulating-air 
furnaces. 

Sections  ot  the  1.00-  to  2.25-inch-thick  7475  hand  forgings  were  solution-heat-treated, 
quenched,  and  artificially  aged  as  indicated  in  Tables  2 through  7 and  in  Figure  34. 

Grain-Size  Determination 

The  grain  dimensions  were  determined  at  the  T 2 location  of  the  1 .00-  to  2.25-inch-thick 
forgings  trom  grain  counts  made  microscopically  using  the  linear-intercept  method.  The  loca- 
tions ot  samples  used  for  the  grain  counts  are  shown  in  Figure  34. 

Property  Determination 

The  location,  number,  and  type  of  specimens  used  to  determine  the  properties  of  the  forgings 
are  described  in  Figure  35.  The  notched-tensile  and  compact-tension  fracture-toughness  speci- 
men contigurations  are  shown  in  Figures  36  and  37.  Short-transverse  mechanical  properties 
could  be  determined  only  on  the  2.00-  to  2.25-inch-thick  forgings  because  of  specimen  size 
limitations. 

The  resistance  to  stress-corrosion  cracking  of  selected  forgings  was  determined  by  exposing 
stressed  specimens  to  a 3. 5-percent  NaCl  solution  by  alternate  immersion  for  84  days  as 
described  by  Federal  Test  Method  823.  Triplicate  longitudinal  0. 1 25-inch-diameter  threaded- 
end  tensile  specimens  from  1.0-  and  2.0-inch-thick  forgings,  similar  short-transverse  specimens 
from  2.0-inch-thick  forgings,  and  triplicate  short-transverse  0.75-inch-diameter  C-rings  from 
1.0-inch-thick  forgings  were  exposed  stressed  at  a level  of  45  ksi. 

RESULTS  AND  DISCUSSION 


Grain  counts,  mechanical-property,  and  corrosion  data  are  presented  in  Tables  8 through  16 
The  mechanical-property  values  reported  are  the  results  of  single  tests  made  on  the  samples 
aged  by  each  practice.  In  the  following  paragraphs,  the  effects  of  forging  practice  on  grain 
dimensions  are  discussed  first,  next  the  effects  of  yield  strength  on  the  mechanical  properties, 
then  the  relationship  between  grain  structure  and  the  mechanical  properties  and  the  effect  of 
grain  structure  on  the  resistance  to  stress-corrosion  cracking. 


*The  use  of  960°F  thermal  treatments  on  the  nonhomogeneous  material  requires  a preheat  at 
lower  temperature  to  eliminate  nonequilibrium  phases. 


ITMT  Forging  Variables  Versus  Grain  Dimensions 
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The  ITMT-type  forging  practices  in  Task  I were  used  to  evaluate  the  merits  of  nonconven- 
tional-type  processing  and  explore  the  possibility  of  developing  a commercially  viable  ITMT 
process  to  produce  a fine-grained  recrystallized  structure  in  7475-T73  hand  forgings.  The 
forging  practices  used  were  designed  to  determine  whether  ITMT  practices  could  produce 
7475  hand  forgings  having  a fine-grained  recrystallized  structure  and  were  not  designed  to 
optimize  or  completely  survey  the  effects  of  individual  fabricating  variables.  The  warm- 
forging temperature,  reduction  during  warm  forging,  and  reduction  during  the  ingot  breakdown 
by  hot-forging  at  750°F  were  not  changed  in  a systematic  fashion,  and  thus  the  individual 
effect  of  each  fabricating  variable  on  the  grain  dimensions  of  the  hand  forging  is  difficult  to 
determine. 

The  grain  counts,  average  grain  dimensions  calculated  from  the  grain  counts,  and  the  fabricat- 
ing variables  for  the  forgings  produced  using  ITMT  practices  are  given  in  Table  16.  Three- 
dimensional  photomicrographs  at  100X  showing  the  grain  structures  obtained  are  included  as 
Figures  3 through  33.  The  grain  thickness,  grain  width,  grain  length,  and  aspect  ratio  (grain 
length/grain  thickness)  of  the  recrystallized  7475-T7X  hand  forgings  in  Table  16  are  plotted 
as  functions  of  the  reduction  applied  during  the  warm-forging  operation  (N)  in  Figure  38. 

For  the  forgings  produced  using  sequential  warm-forging  operations,  the  value  for  N used  in 
the  plots  is  the  sum  of  the  N values  for  each  separate  forging  operation. 

While  no  significant  relationships  were  evident  between  the  grain  dimensions  in  the  1.00-  to 
2.25-inch-thick  7475-T7X  ITMT  hand  forgings  and  the  reductions  applied  during  warm- 
forging. generalizations  concerning  the  forging  operations  and  the  grain  structure  obtained  in 
the  7475-T7X  ITMT  hand  forgings  can  be  made: 

1.  Forging  the  ingot  at  750°F  prior  to  warm-forging  was  beneficial  in  obtaining  a fine- 
grained recrystallized  structure. 

2.  Warm-forging  at  a temperature  of  400°F  produced  a finer-grained  recrystallized  struc- 
ture in  the  hand  forging  than  did  warm-forging  at  a temperature  of  500°F. 

3.  Increasing  the  amount  of  warm-forging  at  temperatures  of  400°F  and  500°F  decreased 
the  grain  thickness  of  the  re  crystallized  structure  in  the  forgings. 

4.  Subsequent  forging  at  750°F  of  the  prior  recrystallized  structure  increased  the  aspect 
ratio  of  the  grains,  i.e..  decreased  the  grain  thickness  and  increased  the  grain  length. 

5.  Reductions  of  up  to  N = 9.1  at  a warm-forging  temperature  of  550°F  and  up  to  N = 4.4 
at  a warm-forging  temperature  of  500°F  did  not  produce  a recrystallized  structure  in 
the  hand  forging  when  the  ingot  was  not  initially  forged  at  750°F. 

Mechanical  Properties  Versus  Yield  Strength 


Ductility  and  toughness  often  correlate  with  yield  strength.  Consequently,  percentage  elon- 
gation and  reduction-in-area  values,  notched-tensile-strength/yield-strength  ratios,  and  Kq 
values  (Tables  8 through  14)  were  plotted  as  functions  of  yield  strength  for  the  longitudinal 


31 


properties  in  Figure  39,  and  for  the  short-transverse  properties  in  Figure  40.  The  only  con- 
sistent relationship  found  was  between  longitudinal  notched-tensile-strength/yield-strength 
ratio  and  the  yield  strength.  The  longitudinal  notched-tensile-strength  ratio  decreased  with 
increasing  yield  strength. 

The  longitudinal  and  short-transverse  yield  strengths  were  well  above  the  minimum  yield 
strengths  specified  for  7075-T73  hand  forgings  up  to  3.00-inches  in  thickness  (longitudinal 
56.0  ksi  and  short-transverse  52.0  ksi). 

Grain  Structure  Versus  Mechanical  Properties 


The  use  of  several  second-step  aging  practices  provided  three  sets  of  mechanical  properties  for 
each  forging.  To  minimize  the  number  of  data  points  for  graphical  analyses  to  determine  the 
effect  of  grain  dimensions  on  ductility  and  toughness,  the  average  elongations  and  reduction- 
iivarea  values  and  the  average  notched-tensile-strength/yield-strength  ratios  for  each  ITMT 
forging  (Tables  8 through  12),  along  with  maximum  and  minimum  values,  were  plotted  as 
functions  of  the  grain  dimensions.  Single  K.q  values  were  also  plotted. 

The  data  for  the  longitudinal  direction  (Figures  41  through  46)  show  no  consistent  change  in 
the  elongation,  reduction-in-area,  notched-tensile-strength/yield-strength  ratio,  or  Kq  values 
with  decreasing  grain  thickness,  decreasing  grain  width  or  thickness,  or  with  increasing  grain 
aspect  ratios.  However,  there  is  an  indication  that  the  longitudinal  reduction  in  area  increases 
with  decreasing  grain  thickness. 

The  short-transverse  data  (Figures  47  through  50)  show  that  the  only  consistent  change  in 
ductility  and  toughness  with  variations  in  grain  dimensions  is  in  the  reduction  in  area  and 
notched-tensile-strength/yield-strength  ratio.  The  reduction  in  area  increased  with  decreasing 
grain  thickness  and  the  notched-tensile-strength/yield-strength  ratio  decreased  with  decreasing 
grain  length  or  width. 

Grain  Structure  Versus  Stress-Corrosion  Cracking 

The  results  of  accelerated  stress-corrosion  tests  of  longitudinal  and  short-transverse  specimens 
are  summarized  in  "^ables  14  and  15.  respectively.  The  results  predict  that  the  resistance  to 
stress-corrosion  cracking  will  be  relatively  high  for  7475  hand  forgings  having  a recrystallized- 
plus-hot-worked  structure,  a recrystallized  structure,  or  an  unrecrystallized  structure  when 
aged  24  hours  at  250°F  plus  8 hours  at  350°F.  Longitudinal  and  short-transverse  specimens 
from  all  forgings  tested  satisfied  the  30-day.  3.5-percent  NaCl  alternate-immersion-capability 
test  specified  for  7075-T73  forgings  in  M1L-A-22771  D. 


COMMENTARY 

The  results  of  the  work  carried  out  in  Task  I of  this  contract  showed  the  following: 

1.  An  ITMT-type  practice  of  hot-forging  at  750°F.  warm-forging  at  400°F.  and  recrystal- 
lizing at  a temperature  of  960°F  produced  a fine-grained  recrystallized  structure  in 
7475-T7X  hand  forgings. 
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2.  The  longitudinal  and  short-transverse  tensile,  ductility,  and  notched-tensile-strength/ 
yield-strength  ratios  were  similar  for  7475-T7X  hand  forgings  having  a recrystallized- 
plus-hot-worked  structure  and  an  unrecrystallized  structure. 

3.  The  longitudinal  notched-tensile-strength/yield-strength  ratios  and  Kq  values  obtained 
on  7475-T7X  hand  forgings,  regardless  of  the  structure,  were  superior  to  similar  proper- 
ties of  7075  hand  forgings  at  the  same  strength  level. 


i 


i 

‘ 


i 


hernial  treatments  earned  nut  m circulalmg-air  furnaces. 


TABLE  3.  FORGING  PRACTICES  USED  TO  FABRICATE  2-INCH-THICK  7475-T7X  HAND  FORGINGS  IN  PHASE  I 
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Figure  3.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-1. 
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Figure  4.  Miciostructure,  Properties,  and  Forging  Practice  tor  2-Inch-Thick  7475-TYX 
Hand  Forging  S-426669-2. 
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Figure  5.  Microstructure,  Properties,  and  Forging  Practice  for  2 Inch-Thick  7475-T7X 
Hand  Forging  S-426669-3. 
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Figure  6.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-5. 
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Figure  7.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-6. 
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Figure  8.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-7. 


TC  ►-*P> 


r\pc,  ioox 

'•oo'SmcK  14ts -tjx  i-vavjo  ffce&os 


peons,  e.T  >65 

UDM<o»TUPIM<\V^ 

Wl  J*  *.  M.  Jffi. 


x x ^ . . gr* -zvio  5w  iim 

A S ZZ  .76 

4Hre|ASO"F  77  1 102.57  *Z  .018  I SA 

SO*F  7»7  5*4l«,4  46  .062.34 

RnelASO’F  754  M7  14.0  V7  (OMIU 

Figure  9.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-8. 
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Figure  10.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-9. 
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Figure  11.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-10. 
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Figure  12.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-11. 
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Figure  14.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  '7475-T7X 
Hand  Forging  S-426669-13. 
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Figure  15.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-14. 
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Figure  16.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-15. 
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Figure  17.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-16. 
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Figure  18.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-17. 
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Figure  19.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-18. 
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Figure  20.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-19. 
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Figure  21.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-426669-20. 
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Figure  22.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  &426669-21. 
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Figure  23.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-' 
Hand  Forging  S-426669-22. 
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Figure  24  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forgi  ig  S426669-23. 
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Figure  25.  Microstructure,  Properties,  and  Forging  Practice  for  1-Inch-Thick  7475-T7X 
Hand  Forging  S-437666-26A. 
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Figure  26.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S-437666-26B. 
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Figure  27.  Microstructure,  Properties,  and  Forging  Practice  for  1 -Inch-Thick  7475-T7X 
Hand  Forging  S-437666-27A. 
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Figure  28.  Microstructure,  Properties,  and  Forging  Practice  for  1.5-Inch-Thick  7475-T7X 
Hand  Forging  S-437666-27B. 
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Figure  29.  Microstructure,  Properties,  and  Forging  Practice  for  1.75-Inch-Thick  7475-T7X 
Hand  Forging  S-437666-27C. 
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Figure  30.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S-437666-27D. 
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Figure  31.  Microstructure,  Properties,  and  Forging  Practice  for  2.25-Inch-Thick  7475-T7X 
Hand  Forging  S437666-27E. 
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Figure  33.  Microstructure,  Properties,  and  Forging  Practice  for  2-Inch-Thick  7475-T7X 
Hand  Forging  S437666-28B. 
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Figure  35.  Sampling  of  1-  to  2.25-Inch-Thick  7475-T7X  Hand  Forgings  for  Mechanical- 
Property  and  Corrosion  Tests. 
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Figure  36.  Sharply  Notched,  1/2-lnch-Diameter  Notch-Tensile  Specimen  (Tapered  Seat). 
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Figure  37.  Compact-Tension  Fracture-Toughness  Specimen. 


TABLE  9.  PROPERTIES  OF  1-  TO  1.75-INCH-THICK  RECRYSTALLIZED  7475-T7X  HAND  FORGINGS 


Solution  - 
Heat-Treat 

Thickness  Temperature  2nd-Step 
(in.)  (°F)  Aging 


Longitudinal  Mechanical  Properties 
Reduction 


UTS1  YS  El 

(ksi)  (ksi)  (%) 


426669-8 

1.00 

960 

4 hr/350°F 
6 hr/350°F 
8 hr/350°F 
Avg 

426669-9 

1.00 

960 

4 hr/350°F 
6 hr/350°F 
8 hr/350°F 
Avg 

426669-10 

1.00 

960 

4 hr/350°F 
6 hr/350°F 
8 hr/350°F 
Avg 

426669-17 

1.00 

860 

4 hr/350°F 
6 hr/350°F 
8 hr/350°F 
Avg 

426669-18 

1.00 

960 

4 hr/350°F 
6 hr/350°F 
8 hr/350°F 
Avg 

426669-20 

1.00 

960 

4 hr/350°F 
6 hr/350°F 
8 hr/350°F 

Avg 

426669-23 

1.00 

860 

4 hr/350°F 
6 hr/350°F 
8 hr/350°F 
Avg 

437666- 27A 

1.00 

960 

4 hr/350°F 
8 hr/350°F 
Avg 

437666-27B 

1.50 

960 

4 hr/350°F 
8 hr/350°F 
Avg 

437666-27C 

1.75 

960 

4 hr/350°F 
8 hr/350°F 

NOTES:  1 . Single  0.357. inch  9 tapered-seat  longitudinal  tensile  specimens  and  0.160-tnch  o tapered-seat  short-transverse  tensile  specimens. 

2.  Single  0. 500-inch  9 tapered-seat  longitudinal  and  short-transverse  notched  tensile  specimens. 

3.  Duplicate  1 ,00-inch-thick  longitudinal  and  0.75-inch-thick  short-transverse  compact-tension  fracture-toughness  tests. 

4.  Forgings  solution-heat-treated,  cold-water-quenched,  and  artificially  aged  24  hours  at  250°F  plus  indicated  2nd-step  aging  at 
least  4 days  after  quenching. 
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TABEE  12.  PROPERTIES  OF  2- TO  2.25-1NCH-TIIICK  RECRYSTALEIZED  7475-T7X  HAND  FORGINGS 


NOTFS  I Single  0.357-inch  0 tape  red -seal  longitudinal  tensile  specimens  and  0. 160-inch  0 tapered-seat  short-transverse  tensile  specimens. 

2.  Single  0.500-inch  0 tapered-seat  longitudinal  and  short-transverse  notched  tensile  specimens. 

3.  Duplicate  1 .00-inch-thick  longitudinal  and  0.75-inch-thick  short-transverse  compact-tension  fracture-toughness  tests. 

4.  Forgings  solution-heat-treated,  cold-water-quenched,  and  artificially  aged  24  hours  at  250°F  plus  indicated  2nd-step  aging  at  least  4 days  after  quenching. 
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NOTFS:  I . Specimens  exposed  stressed  for  84  days  by  alternate  immersion  to  3.5%  NaCl  solution  (Federal  Test  Method  823). 

2.  All  forgings  artificially  aged  24  hours  at  250°F  plus  8 hours  at  350°F. 

3.  Specimens  from  T/2  location. 
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Figure  40.  Short-Transverse  Properties  of  2-  to  2.25-Inch-Thick  7475-T7X  Hand  Forgings  as 
a Function  of  Short-Transverse  Yield  Strength. 
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Figure  41.  Longitudinal  Properties  of  1-  to  2.25-Inch-Thick  7475-T7X  Hand  Forgings  as  a 
Function  of  the  Grain  Dimension  in  the  Short-Transverse  Direction. 
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Figure  43.  Longitudinal  Properties  of  1-  to  2.25-Inch-  Thick  7475-T7X  Hand  Forgings  as  a 
Function  of  the  Grain  Dimension  in  the  Longitudinal  Direction. 
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Figure  44.  Longitudinal  Properties  of  1-  to  2.25-Inch-Thick  7475-T7X  Hand  Forgings  as  a 
Function  of  the  Width  and  Thickness  of  the  Grains. 
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TASK  II  - PRODUCTION  OF  FORGINGS 


The  goal  of  Task  II  was  the  fabrication  of  6.7-,  2.0-,  and  1.0-inch-thick  7075  and  7475  hand 
forgings  in  the  F temper  at  the  Cleveland  Plant  of  Alcoa  and  the  heat  treatment  of  the  forgings 
at  Alcoa  Laboratories  to  supply  forgings  in  the  T73  temper  for  testing  by  Boeing  Vertol  and 
Alcoa  Laboratories.  The  three  thicknesses  of  7075  forgings  were  produced  as  a stepped 
forging  from  commercial  ingot  using  a commercial  fabricating  practice.  The  three  thicknesses 
of  7475  forgings  were  produced  by  two  experimental  fabricating  practices  from  17-inch- 
diameter  ingot  cast  at  Alcoa  Laboratories.  The  practices  used  were  of  the  Intermediate- 
Thermal-Mechanical-Treatment  (ITMT)  type  and  were  selected  to  produce  forgings  having 
a recrystallized-plus-hot-worked  structure.  By  mutual  agreement,  Boeing  Vertol,  Alcoa, 
and  Frankford  Arsenal  selected  ITMT  practices  426669-19  and  437666-28A  in  Task  I 
to  be  used  as  the  two  ITMT  practices  in  Task  II.  This  selection  was  based  on  microstructure 
evaluation,  tensile  properties,  fracture-toughness  characterization,  and  stress-corrosion- 
cracking performance  of  the  31  hand  forgings. 

Based  on  commercial  forging  restraints  and  the  ingot  size  available,  the  two  ITMT  practices  in 
Task  I were  then  equated  to  produce  6.7-,  2.0-,  and  1.0-inch-thick  7475  hand  forgings  having 
a recrystallized-plus-hot-worked  structure.  The  practices  based  on  the  practice  used  to  produce 
forging  S-426669-19  are  described  pictorially  in  Figures  51,  52.  and  53  and  are  identified  sub- 
sequently in  this  report  as  7475-TMT1.  The  practices  based  on  the  practice  used  to  produce 
forging  S-437666-28A  are  described  pictorially  in  Figures  54,  55,  and  56  and  are  identified 
subsequently  as  7475-TMT2. 

The  reductions  used  during  the  forging  sequences  are  compared  in  Table  17. 

The  solution-heat  treatment,  quenching,  and  artificial  aging  of  the  forgings  at  Alcoa  Labora- 
tories are  described  in  Figure  57  for  the  7075-T73  forgings  and  in  Figure  58  for  the  7475-T73 
forgings.  The  6.7-inch-thick  forgings  were  fabricated  so  that  short-transverse  fatigue  tests 
could  be  madfe  by  Boeing  Vertol.  However,  to  minimize  the  effect  of  quench  rate  in  compar- 
ing the  properties  obtained  on  the  6.7-inch-thick  forgings  with  the  properties  obtained  on  the 
2-  and  1 -inch-thick  forgings.  2-inch-thick  sections  were  sawed  from  the  6.7-inch-thick  forgings 
and  thermally  treated  as  indicated.  The  time  of  the  second-step  aging  practice  used  for  the 
7475  forgings  was  longer  than  that  used  for  7075-T"’3  because  the  results  of  the  accelerated 
stress-corrosion  tests  carried  out  in  Task  I indicated  that  the  standard  7075-T73  second-step 
aging  practice  might  not  produce  a satisfactory  resistance  to  stress-corrosion  cracking  in  the 
short-transverse  direction  in  7475-T73  hand  forgings. 

The  grain  dimensions  of  the  7475-T73  hand  forgings  having  a recrystallized-plus-hot-worked 
structure  are  given  in  Table  1 7.  Three-dimensional  photomicrographs  of  the  structures  of 
samples  of  the  hand  forgings  are  presented  in  Figures  51  through  56  for  the  7475-T73  hand 
forgings  having  a recrystallized-plus-hot-worked  structure,  in  Figures  59  through  61  for  the 
7075-T73  hand  forgings. 
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Figure  51.  Microstructure  Properties  and  Forging  Practice  for  6.7-Inch-Thick  7475-T73 
Task  II  Forging,  S-438170. 
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Figure  52.  Microstructure  Properties  and  Forging  Practice  for  2-Inch-Thick  7475-T73 
Task  II  Forging,  S438169. 
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Figure  53.  Microstructure  Properties  and  Forging  Practice  for  1-Inch-Thick  7475-T73 
Task  II  Forging,  S438168. 
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Figure  54.  Microstructure  Properties  and  Forging  Practice  for  6.7-Inch-Thick 
7475-T73  Task  II  Forging,  S438173. 
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Figure  55.  Microstructure  Properties  and  Forging  Practice  for  2-Inch-Thick  7475-T73 
Task  II  Forging,  S438172. 
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TABLE  17.  FABRICATING  DETAILS  FOR  7475  HAND  FORGINGS  PRODUCED  BY  ITMT-TYPE  PROCEDURES 


Hillcl  reheated  2 hours  .it  ()60°l;,  furnace  cooled  lo  775°F,  soaked  2 hours  al  775°F,  furnace  cooled  lo  500° F,  and  soaked  4 hours  at  500°F  prior  to  warm-forging  at  400°F. 
Forging  reheated  10  hours  at  4)60°l  al  ter  warm-forging  at  400°F  and  prior  to  forging  at  750WF. 

Reduction  N = oll^mj*  thickness  tn  direction  of  greatest  reduction 
final  thickness  in  direction  of  greatest  reduction 


ALL  DIMENSIONS  ARE  IN  INCHES. 


Figure  57.  Solution  Heat  Treatment  and  Aging  of  7075-T73  Stepped  Hand  Forging. 
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Figure  60.  Microstructure  Properties  for  2-Inch-Thick  7075-T73  Task  II  Forging, 
S-437701-2. 
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Figure  61.  Microstructure  Properties  for  1-Inch-Thick  7075-T73  Task  II  Forging, 
S437701-1. 
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TASK  III  - MECHANICAL-PROPERTIES  TESTS 


The  mechanical  properties  of  all  Task  II  forgings  were  measured. 

TENSILE-PROPERTIES  TESTS 

Test  Matrix  and  Test-Specimen  Configuration 


As  indicated  in  Table  18,  tensile  properties  of  Task  II  forgings  were  measured  by  testing  10 
specimens  for  each  of  the  selected  TMT  forgings  and  10  specimens  for  the  conventional 
7075-T73  forgings.  The  short-transverse  properties  of  the  6.7-inch-thick  forgings  were  de- 
termined, in  addition  to  the  longitudinal  properties. 

TABLE  18.  TENSILE-PROPERTIES  TEST  MATRIX 


Group 

Specimen 

Number 

Configuration 

1 

Longitudinal  grain 

2 

Short-transverse  grain 

Subtotal 

Subtotal 

Total 

Number  of  Specimens 

Conventional 

Process 

7075-T73 

Forging 

Thickness  (in.) 

, 

Advanced 

Thermal/ 

Mechanical 

Treatment 

7474-TMT1 

Forging 
Thickness  (in.) 

Advanced 

Thermal/ 

Mechanical 

Treatment 

7475-TMT2 

Forging 
Thickness  (in.) 

The  test-specimen  configuration  is  shown  in  Figure  62  and  conforms  to  ASTM  Standard 
E8-61T.  Reference  9.  for  standard  tension-test  round  specimens. 

Selected  locations  in  each  forging  from  which  the  tensile  specimens  were  taken  are  shown  in 
Appendix  A. 

Test  Procedure 


Specimens  were  tested  using  a strain  rate  of  0.005  inch/inch/minute  up  to  the  0.2-percent 
yield  offset  and  then  straining  at  a rate  causing  failure  within  one  minute  after  offset.  Testing 
was  accomplished  by  using  a Baldwin-Wiedeman  universal  tensile-testing  machine:  stress-strain 
plots  were  recorded  on  a Hewlett  Packard  Model  7590C  X-Y  recorder  and  are  presented  in 
Appendix  B. 
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Test  Results 


Test  results  are  shown  in  Table  19.  The  data  show  that  TMT  may  improve  the  ultimate  tensile 
strength  and  the  yield  strength  in  addition  to  significantly  increasing  the  ductility  of  the 
material.  One  7075-T73  specimen,  0101,  demonstrated  a slant  fracture  and  resulted  in  the 
low  values  measured  for  percent  elongation  and  reduction  in  area  shown  in  the  table.  A 
metallurgical  examination  of  the  specimen  confirmed  the  suspicion  that  due  to  the  location 
of  the  specimen  near  a corner  of  the  forging,  the  grain  orientation  is  not  parallel  to  the  long 
axis  of  the  specimen. 

FRACTURE-TOUGHNESS  TESTS 


The  objective  of  these  tests  was  to  develop  valid  fracture-toughness  values  (Kj(-1  for  thermal- 
mechanically  treated  aluminum-alloy  forgings.  Testing  was  conducted  according  to  the  guide- 
lines of  ASTM  specification  E399-72T'®  in  room-temperature  air  by  testing  standard-compact 
specimens. 

Test-Specimen  Configuration  and  Preparation 


The  fracture-toughness  specimens  were  manufactured  from  blanks  cut  from  selected  locations 
in  each  forging.  These  locations,  including  serial  numbers,  are  shown  in  Appendix  A.  The 
specimen  configurations  are  shown  in  Figures  63  and  64. 

Specimens  were  fatigue  precracked  on  a universal  Sonntag  Model  SF-1U  fatigue-test  machine 
fitted  with  a clevis  fixture  to  accommodate  compact  specimens.  All  fatigue  precracking  was 
conducted  at  10  Hz  in  air  at  room  temperature  using  constant-amplitude  loading  within  the 
guidelines  of  the  specification.  The  specimens  were  observed  under  a 3-power  microscope 
to  assure  the  desired  crack  length. 

Test  Procedure  and  Test  Setup 


Fracture-toughness  testing  was  conducted  on  a Vertol  servocontrolled  hydraulic  tension- 
tension  machine  capable  of  ramp  loading.  The  ramp-loading  rate  used  corresponded  to  a 
stress-intensity  rate  between  30.000  and  150,000  psi  V in.  per  minute.  Clevis  fixtures  re- 
quired for  each  size  compact  specimen  were  designed  and  fabricated  according  to  the  guide- 
lines of  ASTM  E399-72T.10 

The  matrix  of  specimens  tested  is  shown  in  Table  20. 

Crack  opening  was  measuved  by  a strain-gage-instrumented  clip  gage.  The  test  data,  load,  and 
crack  opening  were  plotted  directly  by  a Hewlett  Packard  Model  7590C  X-Y  recorder.  From 
each  recording,  the  load  Pq  was  obtained  for  determining  fracture  toughness. 

Test  Results 

The  results  of  the  testing  are  summarized  in  Table  21  along  with  pertinent  data  used  in  the 
analysis.  The  method  of  reducing  data  is  in  accordance  with  the  requirements  of  ASTM 
E399-72T  and  is  demonstrated  in  Figure  65.  Individual  load-displacement  recordings  for 
each  specimen  are  given  in  Appendix  C. 
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As  indicated  in  Table  21,  five  tests  resulted  in  valid  measurements  of  plane-strain  fracture 
toughness,  Kj£.  For  each  of  the  invalid  measurements,  the  conditional  fracture  toughness, 

Kq,  and  the  reason  for  invalidity  is  indicated.  As  seen  in  the  notes  of  Table  2 1 , all  specimens 
except  one  were  invalid  because  of  specimen  dimensions.  This  indicates  that  a plane-strain 
condition  cannot  be  achieved  in  the  1-  and  2-inch-thick  forgings.  In  the  case  of  the  thick 
(6.7-inch)  forgings,  the  specimens  must  be  larger  in  order  to  obtain  a valid  plane-strain  fracture- 
toughness  value,  Kj£,  for  the  longitudinal  grain  direction. 

Significant  improvements  in  the  conditional  fracture  toughness  of  TMT  aluminum-alloy  forg- 
ings have  been  achieved  for  all  three  thicknesses  investigated.  Table  22  is  a comparison  of 
average  results  for  each  forging  and  shows  the  percentage  improvement  when  compared  to  the 
commercial  7Q75-T73  measurements.  The  high  conditional  fracture-toughness  values  of  the 
TMT  forgings  are  further  substantiated  by  the  fact  that  each  TMT  specimen  fracture  shows 
shear  lips.  In  particular,  the  longitudinal  grain  direction  shows  very  large  shear  lips  covering 
20  to  50  percent  of  the  fracture  surface.  Typical  examples  of  the  difference  in  fracture  sur- 
face are  shown  in  Figures  66,  67,  and  68. 

FATIGUE-STRENGTH  TESTS 

The  fatigue-strength  characteristics  of  a metal  are  of  primary  importance  in  considering  the 
application  of  that  material  to  helicopter  structure.  A thorough  evaluation  must  include  an 
analysis  of  the  influences  of  stress  ratio  (minimum  stress/maximum  stress),  stress  concentra- 
tion. grain  direction,  and  forging  thickness  on  fatigue  properties.  The  testing  conducted  on 
axially  loaded  specimens  provides  the  data  necessary  for  evaluating  the  thermal-mechanical- 
treatment  aluminum-alloy  forgings  when  compared  to  data  for  similar  forgings  fabricated  from 
conventional  7075-T73  aluminum  alloy. 

Test-Specimen  Configuration 

Two  types  of  specimens,  smooth  and  notched,  were  used  for  fatigue  tests.  Smooth-specimen 
details  are  shown  in  Figure  69.  The  notced  specimen.  Figure  70.  is  designed  to  produce  a 
stress-concentration  factor.  Ky,  of  3.0. 

Test  Procedure  and  Test  Setup 

All  specimens  were  axially  loaded  using  either  a Wiedeman  fatigue-test  machine  Model  SF-l-U 
or  an  Amsler  Vibraphore  fatigue-test  machine.  Load  frequency  was  30  Hz  on  the  SF-l-U  and 
70  Hz  on  the  Vibraphore.  No  difference  in  fatigue  strength  was  noted  between  specimens 
tested  at  30  Hz  and  those  tested  at  70  Hz.  Axial  test  loads  were  measured  by  a calibrated 
strain-gage  link.  The  adapter  assembly  which  fixed  the  test  specimen  in  the  machine  also 
contains  calibrated  strain-gaged  links  to  determine  bending  loads.  The  bending  gages  were  used 
during  specimen  installation  to  produce  an  alignment  which  results  in  no  bending  in  the 
specimen.  During  testing,  all  links  were  monitored  to  verify  the  axial  load  and  to  verify 
alignment  of  the  test  specimen.  Strain  gages  were  coupled  to  an  Ellis  Associates  BA-1 2 or 
BA- 13  bridge  amplifier  and  total  system  accuracy  was  within  ± 2 percent. 

Ail  fatigue  testing  was  conducted  in  air  at  room  temperature  and  at  constant-amplitude  load 
levels  in  groups  of  a minimum  of  eight  specimens  to  develop  the  S-N  curve  for  each  of  26 
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combinations  of  test-program  variables,  with  the  objective  of  acquiring  data  over  the  life 
range  from  104  to  5 x 107  cycles.  Program  variables,  shown  in  Table  23.  include  material, 
forging  thickness,  grain  direction,  stress  ratio,  and  stress-concentration  factor. 

Testing  emphasized  the  specially  treated  forgings,  and  in  particular  the  two-inch-thick  forging, 
to  develop  the  steady-stress/alternating-stress  relationship  (Goodman  diagram)  for  the  7475-TMT 
alloy  forgings. 

Test  Results 

The  objective  of  the  fatigue  testing  is  to  demonstrate  the  achievement  of  a 20-percent  increase 
in  fatigue  strength  of  TMT  alloys  when  compared  to  7075-T73.  In  many  instances,  that  goal 
has  been  achieved  or  exceeded. 

The  results  of  the  tests  are  shown  in  terms  of  fatigue-stress  level  and  number  of  cycles  in 
Figure  71  through  96.  Where  possible,  comparisons  of  data  for  7075-T73  groups  have  been 
made  with  7475-TMT  results  obtained  from  this  series  of  tests  and  are  presented  in  Figures 
97  through  108.  Detailed  test  results  are  provided  in  Table  24.  A summary  of  the  results 
based  on  a comparison  of  endurance  limits  at  5 x 107  cycles  is  given  in  Table  25  by  using  test 
data  and  other  sources  of  data  for  7075-T73.  Goodman  diagrams  for  the  two-inch-thick 
7475-TMT1  and  7475-TMT2  aluminum-alloy  forgings  are  presented  in  Figures  109  and  1 10 
for  the  longitudinal  grain  orientation. 


All  specimens  except  two  exhibited  typical  failure  modes  for  smooth  and  notched  fatigue 
specimens.  The  smooth  specimens  failed  at  the  minimum  section  at  the  midlength  of  the 
specimen:  the  notched  specimens  failed  at  the  notch.  The  two  smooth  specimens  which  did 
not  follow  trends  failed  in  the  threads  provided  for  gripping  the  specimen  in  the  test  fixture. 
Because  of  the  flat  curve  defined  by  the  seven  other  specimens  from  this  group,  these  two 
atypical  failures  are  included  in  the  statistical  analysis  of  the  data. 

As  demonstrated  by  the  data.  TMT1  achieved  or  exceeded  the  goal  of  a 20-percent  increase  in 
fatigue  strength  when  compared  to  7075-T73  for  the  majority  of  test  conditions.  The  improve- 
ments ranged  approximately  from  5 percent  to  75  percent  and  suggest  that  advantages  can  be 
achieved  with  this  thermal-mechanical  treatment. 

The  TMT2  practice  achieved  or  exceeded  the  goal  of  a 20-percent  increase  in  fatigue  strength 
in  two  cases  and  is  rated  second  to  TMT1  on  the  basis  of  fatigue  properties. 

The  impact  of  these  results  on  design  of  helicopter  structure  is  demonstrated  by  example  in 
Appendix  E. 

Metallurgical  examinations  were  conducted  on  a number  of  specimens  to  identify  the  origin  of 
failure,  the  extent  of  fatigue  damage  prior  to  separation  of  the  fracture  surfaces,  and  micro- 
structure characteristics.  Hardness  measurements  are  summarized  in  Table  26.  As  indicated 
in  Figures  1 1 1 and  1 1 2.  the  origin  of  failure  for  the  smooth  and  notched  specimens  selected  is 
at  the  surface  of  the  specimen.  Grain  orientation  and  grain  size  are  shown  in  Figures  1 13  and 
1 14.  Two  test  specimens,  0716  shown  in  Figure  1 1 1 and  0714.  have  a slanted  grain  orienta- 
tion which  is  neither  longitudinal  nor  transverse.  This  is  attributed  to  the  fact  that  these  speci- 
mens came  from  the  edge  of  the  one-inch-thick  forging. 
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FATIGUE-CRACK  PROPAGATION-RATE  TESTS 


The  objective  of  these  tests  is  to  obtain  fatigue-crack  propagation-rate  data  over  a range  of 
stress  and  environmental  conditions  representative  of  those  expected  in  the  service  life  of  heli- 
copter hardware. 

Test-Specimen  Configuration  and  Preparation 


Thirty  fatigue-crack  propagation-rate  specimens  were  fabricated  from  blanks  cut  from  selected 
locations  in  each  forging.  These  locations  are  centered  with  respect  to  the  thickness  of  each 
blank  and  are  shown  in  Appendix  A.  The  specimen  configuration  is  shown  in  Figure  1 15. 

In  order  to  measure  crack  growth,  a grid  consisting  of  approximately  40  lines  with  a nominal 
spacing  of  0.040  inch  was  photographically  applied  to  one  side  of  each  specimen.  A typical 
specimen  with  the  grid  is  shown  in  Figure  1 1 6. 

Test  Procedure  and  Test  Setup 


Table  27  contains  the  matrix  of  test  parameters  for  the  30  fatigue-crack  and  propagation-rate 
specimens.  All  testing  was  conducted  at  a load  frequency  of  5 Hz. 

Loads  were  applied  to  the  specimen  as  shown  in  Figure  1 16.  The  test  setup  included  a load 
cell  in  series  with  the  specimen.  Load  control  was  provided  to  permit  no  greater  than  ± 1.5- 
percent  variation  of  the  cyclic  range  of  load  for  the  duration  of  each  test.  In  cases  where 
precracking  loads  higher  than  the  test  crack-propagation  loads  were  required,  care  was  taken 
to  step  down  to  the  test  loads  in  small  increments  and  to  let  the  crack  grow  to  a length  such 
that  the  prior  load  would  not  influence  the  crack-growth  data. 

Crack  growth  was  monitored  visually  by  observing  the  intersection  of  the  crack  front  with  the 
grid  lines  previously  described.  Dye  penetrant  (Type  MIL-I-25135,  spotcheck  SKL-HF  pene- 
trant by  Magnaflux  Corporation)  and  optical  magnification  of  various  power  ( 15X  and  45X) 
were  used  as  aids  in  following  the  crack  in  those  specimens  tested  in  a 3. 5-percent  salt  solution; 
the  optical  magnification  was  used  as  an  aid  in  following  the  crack.  In  this  case,  the  salt  so- 
lution is  contained  in  a transparent  container  surrounding  the  crack  as  shown  in  Figure  1 1 7 
The  crack  is  viewed  through  the  container.  Periodic  checks  were  made  to  insure  that  cracking 
was  progressing  uniformly  on  both  sides  of  the  specimen. 

Basic  crack-growth  data,  consisting  of  crack  length  and  number  of  fatigue  cycles,  was  reduced 
by  computer  to  determine  the  fracture-mechanics  parameters  of  stress-intensity-range  factor, 

A K,  and  fatigue  crack  propagation  rate,  A a/A  N.  Data  is  presented  in  Figures  1 1 8 through  147 
and  tabulations  including  basic  data  can  be  found  in  Appendix  D with  a listing  of  the  computer 
program  used. 


The  stress-intensity  range  was  calculated  using  the  following  expression  from  Reference  8: 


1017.0  (.y/*  + 638.9  ^aj/2l  , 

where  A P is  the  load  range.  P\1AX  - ^MIN- 

a is  average  crack  length. 

B is  average  thickness  of  specimen,  and 
W is  average  width  of  specimen  per  Reference  8. 

Test  Results 

The  results  of  the  fatigue-crack  propagation-rate  tests  are  presented  in  Figures  1 18  through 
147  as  plots  of  stress-intensity-factor  range,  aR,  versus  fatigue-crack-propagation  rate, 

Aa/AN. 

In  general,  both  TMT1  and  TMT2  alloys  demonstrated  more  favorable  crack-growth  rates 
when  compared  to  7075-T73.  In  some  instances  this  is  due  to  the  fact  that  TMT  alloys  main- 
tain stable  crack-growth  rates  at  the  higher  values  of  stress-intensity-range  factor.  A K;  in  other 
instances,  the  crack-propagation  rates  of  TMT  alloys  are  slower  than  7075-T73  rates.  Of  the 
two  TMT  alloys  tested.  TMT2  is  rated  better  than  TMT1  on  the  basis  of  crack-propagation 
rates. 

The  results  of  the  short-transverse  grain  direction  are  particularly  significant  and  demonstrate 
that  TMT  alloys  are  superior  in  performance  to  7075-T73  in  thick  forgings. 

Forging  Thickness  - Forging  thickness  may  or  may  not  influence  the  crack-propagation  rates 
in  TMT  aluminum-alloy  forgings.  Referring  to  Table  28,  one  can  see  that  the  7475-TMT2  per- 
formance is  equal  to  or  better  than  the  7075-T73.  and  is  greater  for  the  one-  and  two-inch- 
thick  forgings  in  room-temperature  air,  than  it  is  for  the  6.7-inch-thick  forging.  The  7475- 
TMT1  alloy  does  not  show  room-air  crack-propagation  rates  superior  to  7075-T73  for  one-  and 
two-inch  forgings,  but  demonstrates  the  advantage  of  stable  growth  rates  in  the  6.7-inch 
forging  for  both  grain  directions,  something  which  is  not  possible  in  conventional  7075-T73 
alloy  at  the  higher  values  of  stress-intensity-range  factor.  AK. 

In  a 3.5-percent  salt  solution.  7475-TMT1  and  7475-TMT2  demonstrate  the  same  crack- 
propagation  rates.  As  shown  in  Table  28.  the  short-transverse  crack-propagation  rates  of  TMT 
aluminum  alloys  are  equivalent  to  7075-T73  rates  in  the  thick  (6.7-inch)  forging,  and  remain 
stable  at  higher  values  of  stress-intensity-factor  range.  AK.  A thickness  effect  is  apparent  in 
the  longitudinal  direction  in  TMT  alloys:  the  crack-propagation  rates  of  TMT  alloys  are  33 
percent  faster  than  7075-T73  in  one-inch  forging  and  100  percent  faster  in  two-  and  6.7-inch 
forging. 


Environment  — For  each  of  the  three  materials,  a 3.5-percent  salt  solution  was  found  to  in- 
crease the  crack-growth  rates  above  those  obtained  in  an  air  environment.  The  crack-growth 
rate  of  7475-TMT1  in  salt  solution  is  approximately  three  times  the  rate  in  air.  This  is  also 
true  for  7475-TMT2  and  for  conventional  7Q75-T73. 

In  a 3.5-percent  salt  solution,  7475-TMT1  and  7475-TMT2  demonstrate  the  same  crack- 
propagation  rates.  In  comparison  to  7075-T73,  the  crack-propagation  rates  of  TMT  alloys  are 
faster,  but  this  is  offset  by  the  fact  that  TMT  alloys  have  the  capability  to  maintain  stable 
crack-growth  rates  at  high  values  of  stress-intensity-factor  range,  AK.  This  cannot  be  achieved 
in  conventional  7075-T73  alloy. 

Grain  Direction  - Longitudinal  and  short-transverse  specimens  were  tested  from  the  6.7-inch- 
thick  forgings.  In  both  environments,  room  air  and  3.5-percent  salt  solution,  no  significant 
differences  were  found  in  the  crack-growth  rates  of  TMT  material  loaded  parallel  to  the  grain 
(longitudinal)  and  TMT  material  loaded  transverse  to  the  grain  (short-transverse).  This  applies 
to  both  TMT1  and  TMT2,  and  is  a distinct  advantage  over  the  conventional  7075-T73  material 
which  demonstrates  short-transverse  crack-growth  rates  33  percent  faster  than  longitudinal 
crack-growth  rates  (see  Table  29). 

Another  advantage  clearly  identified  in  the  results  is  the  fact  that  crack-growth  rates  in  TMT1 
and  TMT2  remain  stable  at  values  of  stress-intensity-factor  range,  AK,  where  7075-T73  crack- 
growth  rates  were  unstable. 

STRESS  - CORROSION  TESTS 

Alcoa’s  participation  in  Task  III  of  the  Boeing  Vertol  contract  consisted  of  evaluating  the  resis- 
tance to  stress-corrosion  cracking  of  the  6.7-,  2.0-,  and  1.0-inch-thick  7075  and  7475  hand 
forgings  produced  at  the  Cleveland  Plant  in  Task  II  of  this  contract. 

Samples  of  6.7-,  2.0-,  and  1.00-inch-thick  7075  and  7475  hand  forgings  solution-heat-treated, 
quenched,  and  artificially  aged  24  hours  at  250°F  in  Task  II  were  aged  additionally  2 to  9 
hours  at  350°F.  Longitudinal  0. 1 25-inch-diameter  threaded-end  tensile  specimens  were 
machined  from  the  T/2  location  of  all  of  the  samples  of  forgings.  Short-transverse  0.125-incii- 
diameter  threaded-end  tensile  specimens  were  machined  from  the  samples  of  6.7-  and  2.0-inch- 
thick  forgings,  and  short-transverse  0.75-inch-diameter  C-rings  were  machined  from  the  samples 
of  1.0-inch-thick  forgings.  The  specimens  were  stressed  at  25,  35,  or  45  ksi  and  exposed  to  a 
3.5-percent  NaCl  solution  by  alternate  immersion.  Federal  Method  823,  for  84  days.  The 
second-step  aging  times  at  350°F,  the  stresses  at  which  the  specimens  were  exposed,  and  the 
results  of  the  corrosion  test  are  summarized  in  Table  30  for  the  6.7-inch-thick  forgings,  in 
Table  31  for  the  2.0-inch-thick  forgings,  and  in  Table  32  for  the  1.00-inch-thick  forgings. 

Stress-corrosion  acceptance  criteria  and  minimum  tensile  properties  are  well-established  for 
7075-T73  products.  Figure  148  demonstrated  that  a second-step  aging  of  8 hours  at  350°F 
resulted  in  the  1-  and  2-inch-thick  7075-T73  forgings  being  aged  to  electrical  conductivities 
well  above  the  specified  minimum  of  38  percent  IACS  and  to  yield  strengths  well  above  the 
guaranteed  minimum  of  56  ksi  specified  for  forgings  up  to  3 inches  thick.  The  6.7-inch-thick 
7075-T73  forging  given  a second-step  aging  of  8 hours  at  350°F  also  displayed  an  electrical 
conductivity  well  above  the  specified  minimum  of  38  percent  IACS.  Figure  148  provides 
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some  evidence  that  the  nominal  aging  practice  provides  sufficient  latitude  within  the  specifica- 
tion limits  for  successful  commercial  production  of  7075-T73  forgings. 

Although  a minimum  electrical  conductivity  and  minimum  tensile  properties  have  not  been 
specified  for  7475-T73  forgings,  the  multiple  second-step  aging  times  that  were  used  in  the 
investigation  permit  a comparison  of  the  tensile  properties  and  electrical  conductivity  of  the 
7075-T73  and  the  7475-T73  forgings  at  comparable  levels  of  resistance  to  stress  corrosion. 
From  Figures  149  and  1 50,  it  is  evident  that  the  fabrication  procedures  used  in  this  investiga- 
tion produced  longitudinal  yield  strengths  in  the  7475-T73  forgings  that  were  above  the 
minimum  value  of  56.0  ksi  specified  for  7075-T73  hand  forgings  of  thicknesses  less  than  3.0 
inches,  but  that  for  an  equivalent  resistance  to  stress-corrosion  cracking  the  7475-T73  forgings 
had  strengths  lower  than  those  of  the  7075-T73  forgings  included  for  comparison.  Based  on 
this  limited  data  for  7475-T73  forgings,  it  would  appear  that  minimum  tensile  properties  for 
7475-T73  forgings  would  have  to  be  lower  than  those  that  have  been  specified  for  7075-T73 
forgings.  Furthermore,  Figure  151  shows  that  the  minimum  electrical  conductivity  of  38 
percent  IACS  will  not  be  applicable  to  7475-T73  forgings  fabricated  by  the  studied  procedures. 
The  7475-T73  forgings  require  aging  to  higher  electrical  conductivities  to  obtain  the  same 
resistance  to  stress  corrosion  that  7075-T73  forgings  display  at  an  electrical  conductivity  of 
38  percent  IACS. 


TABLE  19.  MECHANICAL  PROPERTIES  FOR  TASK  II  FORCINGS,  THERMAL/MECHANICAL  HEAT- 
TREATED  ALUMINUM  ALLOY 


0224,  0823,  0824,  1423,  1424,  0401,  1001,  1601,  0606, 1206, and  1806. 


TABLE  21.  FRACTURE-TOUGHNESS-TEST  RESULTS  FOR  TASK  II  FORGINGS,  THERMAL/MECHANICAL 
HEAT-TREATED  ALUMINUM  ALLOY 
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FRACTURE  TOUGHNESS  TEST  SPECIMEN  NO. 


LINE  OA  TANGENT  TO  INITIAL 
LOAD-DISPLACEMENT  CURVE 

TANGENT  OB  = 0.95  TANGENT  OA 


1.  LOAD-RATE  RANGE 
30,000-150,000 

PSI  v/INT/MIN 

2.  SELECT  SCALES  SO 
THAT  SLOPE  LIES 
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Figure  65.  Method  for  Determining  Fracture  Toughness. 


TABLE  22.  IMPROVEMENT  IN  FRACTURE  TOUGHNESS  RELATIVE  TO  7075-T73 


Materia]  and  Configuration 


Kq  or  KIC 

(ksiVTtT) 


Improvement 

(%) 


7475-TMT1 

1 in.  thick  longitudinal 

51.5 

62 

2 in.  thick  longitudinal 

39.2 

None 

6.7  in.  thick  longitudinal 

47.7 

11 

6.7  in.  thick  short  transverse 

33.2 

34 

7475-TMT2 

1 in.  thick  longitudinal 

51.2 

61 

2 in.  thick  longitudinal 

51.1 

10 

6.7  in.  thick  longitudinal 

45.0 

8 

6.7  in.  thick  short  transverse 

36.5 

48 

7075-T73 

1 in.  thick  longitudinal 

31.8 

- 

2 in.  thick  longitudinal 

46.5 

- 

6.7  in.  thick  longitudinal 

41.8 

- 

6.7  in.  short  transverse 

24.7 

- 

Figure  69.  Configuration  of  Smooth 
Specimen  for  Goodman 
Fatigue  Test. 


Figure  70.  Configuration  of  Notched 
Specimen  for  Goodman 
Fatigue  Test. 
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Figure  71.  Fatigue  Performance  of  Task  II  7075-T73  Aluminum-Alloy  Forging, 
Specimen  Group  1. 
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Figure  72.  Fatigue  Performance  of  Task  II  7075-T73  Aluminum-Alloy  Forging, 
Specimen  Group  2. 
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Figure  73.  Fatigue  Performance  of  Task  II  7075-T73  Aluminum-Alloy  Forging, 
Specimen  Group  3. 
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Figure  74.  Fatigue  Performance  of  Task  II  7075-T73  Aluminum-Alloy  Forging, 
Specimen  Group  4. 
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Figure  75.  Fatigue  Performance  of  Task  II  7075-T73  Aluminum-Alloy  Forging, 
Specimen  Group  5. 
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Figure  76.  Fatigue  Performance  of  Task  II  7075-T73  Aluminum- Alloy  Forging, 
Specimen  Group  6. 
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Figure  77.  Fatigue  Performance  of  Task  II  7475-TMT1  Aluminum-Alloy  Forging 
Specimen  Group  7. 
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Figure  78.  Fatigue  Performance  of  Task  II  7475-TMT1  Aluminum- Alloy  Forging, 
Specimen  Group  8. 
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Figure  84.  Fatigue  Performance  of  Task  II  7475-TMT1  Aluminum-Alloy  Forging, 
Specimen  Group  14. 
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Figure  85.  Fatigue  Performance  of  Task  II  7475-TMT1  Aluminum-Alloy  Forging, 
Specimen  Group  15. 
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Figure  86.  Fatigue  Performance  of  Task  II  7475-TMT1  Aluminum-Alloy  Forging, 
Specimen  Group  16. 
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Figure  87.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  17. 


, NOTES:  1.  STRESS  CONCENTRATION  FACTOR.  KT  - 3.0  , 

2.  STRESS  RATIO.  R ■ 0.06 

3.  ROOM  TEMPERATURE 
«.  AIR  ATMOSPHERE 

5.  AXIAL  LOADING 

8.  LONGITUDINAL  GRAIN  ORIENTATION 

7.  SPECIMENS  TAKEN  FROM  CENTER  OF 

I.O-INCH-THICK  FORGING 


NUMBER  OF  FATIGUE  CYCLES 


Figure  88.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  18. 
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Figure  89.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  19, 
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Figure  90.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging 
Specimen  Group  20. 
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Figure  91.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  21. 
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Figure  92.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  22. 
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Figure  93.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  23. 


NOTES:  1.  STRESS  CONCENTRATION  FACTOR.  Ky  - 3.0 

2.  STRESS  RATIO,  R - 0.50 

3.  ROOM  TEMPERATURE 

4.  AIR  ATMOSPHERE 

5.  AXIAL  LOADING 

6.  LONGITUDINAL  GRAIN  ORIENTATION 

7.  SPECIMENS  TAKEN  FROM  CENTER  OF 
2.0-1  NCH-THICK  FORGING 


T 'a/  \/ 
^60°T 

• 4 IN. • 


NUMBER  OF  FATIGUE  CYCLES 


Figure  94.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  24. 
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Figure  95.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  25. 
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Figure  96.  Fatigue  Performance  of  Task  II  7475-TMT2  Aluminum-Alloy  Forging, 
Specimen  Group  26. 
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Figure  97.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT1  Forging, 
Groups  1 and  7. 
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Figure  98.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT2  Forging, 
Groups  1 and  17. 
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Figure  99.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT  1 Forging, 
Groups  2 and  8. 
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Figure  100.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT2  Forging 
Groups  2 and  18. 
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Figure  101.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT1  Forging 
Groups  3 and  10. 
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Figure  102.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT2  Forging, 
Groups  3 and  20. 
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Figure  103.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT1  Forging, 
Groups  4 and  13. 
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Figure  104.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT2  Forging, 
Groups  4 and  23. 
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Figure  107.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT1  Forging, 
Groups  6 and  16. 
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Figure  108.  Comparison  of  Fatigue  Strengths  for  7075-T73  and  7475-TMT2  Forging, 
Groups  6 and  26. 
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Stress  Ratio,  R 


TABLE  25.  FATIGUE  PERFORMANCE  OF  TASK  II  FORGINGS 
COMPARED  TO  7075-T73  AT  50  x 106  CYCLES 


Stress 

Concentration 
Factor,  Kj 


Material 

7475-TMT1 

7475-TMT2 

Thickness  (in.) 

Thickness  (in.) 

6.7 

6.7 

1 2 L S-T 

1 2 L S-T 

1 .03 1 

1.00* 

1.432 

1.14* 

1.26  1.00  1.01  1.73 

1.16  1.00  1.06  0.80 

1.15  0.93 

1.23  0.67 

1.173 

1 ,203 

1.25“ 

1 ,064 

NOTES:  1.  Estimated  7075-T73  mean  endurance  limit  ±23,000  psi 

2.  Estimated  7075-T73  mean  endurance  limit  ± 7,000  psi 

3.  Estimated  7075-T73  mean  endurance  limit  ±12,500  psi 

4.  Estimated  7075-T73  mean  endurance  limit  ±12,500/3  = ±4,170  psi 

Source  of  data  on  7075-T73:  Mehr,  P.L.,  Spuhler,  E.H.,  and  Mayer,  L.W.,  ALCOA  ALLOY 
7075-T73,  Alcoa  Green  Letter,  Revised  June  1969  by  R.  A.  Schultz,  Aluminum  Company  of 
America,  Application  Engineering  Division,  Alcoa  Center,  PA. 


TABLE  26.  TYPICAL  ROCKWELL-HARDNESS  VALUES  FOR  SELECTED  FATIGUE  SPECIMENS 


Specimen 

Number 

TMT 
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Material 

Thickness 

(in.) 

Grain 
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Hardness, 
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Longitudinal 
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Figure  110.  Goodman  Diagram  for  2-Inch-Thick  Forging  of  7475-TMT1  Aluminum  Alloy. 
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Figure  111.  Fatigue-Fracture  Surface  and  Origin  of  Failure  for  Specimens  0716,  0906,  1212, 
and  1303. 
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Figure  112.  Fatigue-Fracture  Surface  and  Origin  of  Failure  for  Specimens  1437,  1447 
1508,  and  1S07. 
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Figure  113.  Grain  Orientation  and  Grain  Size  for  Specimens  0716,  0906,  1212,  and  1303 
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Figure  115.  Configuration  of  Specimen 
for  Fatigue-Crack- 
Rate  Test. 


Figure  116.  Typical  Fatigue-Crack- 
Propagation  Test  Setup. 


Figure  117.  Fatigue-Crack-Propagation  Test  Setup  With 
Specimen  in  3.5-Percent  Salt  Solution. 
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Figure  118.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0120. 
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Figure  1 19.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0121. 


166 


STRESS  INTENSITY  FACTOR  RANGE.  AK  - KSl/liT  STRESS-INTENSITY-FACTOR  RANGE,  AK  - KSI  \fiTT. 


Figure  120.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0122. 
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Figure  121.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0220. 
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Figure  122.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0221. 
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Figure  123.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0222. 
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STRESS-INTENSITY-FACTOR  RANGE,  AK  - KSI/TN7  STRESS-INTENSITY-FACTOR  RANGE,  AK  - KSI  /IN'. 
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Figure  124.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0501. 
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Figure  125.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0502. 
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STRESSINTENSITY  FACTOR  RANGE.  AK  - KSl/itT  STRESS  INTENSITY  FACTOR  RANGE.  AK  - KSI/TR7 
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Figure  126.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0604. 
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Figure  127.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  Conventional 
7075-T73  Aluminum  Alloy,  Specimen  0605. 
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Figure  128.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT1 
Aluminum  Alloy,  Specimen  0720. 
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Figure  129.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT1 
Aluminum  Alloy,  Specimen  0721. 
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Figure  130.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT1 
Aluminum  Alloy,  Specimen  0722. 
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Figure  131.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT1 
Aluminum  Alloy,  Specimen  0855. 
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Figure  132.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT1 
Aluminum  Alloy,  Specimen  0856. 
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Figure  133.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT1 
Aluminum  Alloy,  Specimen  0857. 
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Figure  136.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT1 
Aluminum  Alloy,  Specimen  1204. 


NOTES:  1.  COMPACT 
6.7-INCH-T 

2.  STRESS  R/ 

3.  ROOM  TEK 

4.  3.5%  NaCI 

SPECIMEN  FROM 
HICK  FORGING 
VTIO,  R =0.05 
/IPERATURE 
SOLUTION 

o < 

* 

LOAC 

),  P 

t 

o L 

* 

1 

p 

LC 

^"GF 

NGITUDINAL 
IAIN  ORIENTATION 

1 10  io2  io3  io4 

FATIGUE  CRACK-PROPAGATION  RATE,  Aa/AN  - MICROINCHES/CYCLE 


Figure  137.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT1 
Aluminum  Alloy,  Specimen  1205. 
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Figure  138.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT2 
Aluminum  Alloy,  Specimen  1320. 
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Figure  139.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT2 
Aluminum  Alloy,  Specimen  1321. 
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Figure  140.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT2 
Aluminum  Alloy,  Specimen  1322. 
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r re  141.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT2 
Aluminum  Alloy,  Specimen  1455. 
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Figure  142.  Fatigue-Crack  Growth- Rate  Performance  of  Task  II  Forging,  7475-TMT2 
Aluminum  Alloy,  Specimen  1456. 
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Figure  143.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT2 
Aluminum  Alloy,  Specimen  1457. 
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Figure  144.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT2 
Aluminum  Alloy,  Specimen  1701. 
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Figure  145.  Fatigue-Crack  Growth-Rate  Performance  of  Task  II  Forging,  7475-TMT2 
Aluminum  Alloy,  Specimen  1702. 
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TABLE  28.  COMPARISON  OF  7475-TMT  CRACK-PROPAGATION  RATES 
WITH  7075-T73  CRACK-PROPAGATION  RATES 


Original  Forging  Thickness  (in.) 


Material 


Environment 


Longitudinal 

Short  transverse 

TMT1  rate  is 

TMTI  rate 

TMTI  slower 

TMTI  slower 

Room 

same  as  7075-T73; 

same  as  7075-T73 

than  7075-T73; 

than  7075-T73; 

Air 

maintains  stable 

maintains  stable 

maintains  stable 

growth  at  higher 

growth  at  higher 

growth  at  higher 

AK’s 

AK’s 

AK’s 

7475-TMT  1 

TMTI  rate  is 

TMTI  is  100% 

Rates  are  the 

3.5% 

33%  faster  than 

faster  than 

same;  TMTI 

Salt 

7075-T73 

7075-T73 

- 

maintains  stable 

Solution 

growth  rate  at 
higher  AK’s 

TMT2  is  slower 

TMT2  is  100% 

Rates  are  the 

TMT2  is  slower 

than  7075-T73; 

slower  than 

same 

than  7075-T73; 

Room 

maintains  stable 

7075-T73 

maintains  stable 

Air 

growth  rate  at 

growth  rate  at 

higher  AK's 

higher  AK’s 

7475-TMT2 

3.5% 

TMT2  is  33% 

TMT2  is  100% 

TMT2is  100% 

Rates  are  the 

Salt 

faster  than 

faster  than 

faster  than 

same 

Solution 

7075-T73 

7075-T73 

7075-T73 

TABLE  29.  COMPARISON  OF  LONGITUDINAL  AND  SHORT-TRANSVERSE 
CRACK-PROPAGATION  RATES  IN  6.7-INCH  FORGING 


Environment 

Material 

Room  Air 

3.5%  Salt 
Solution 

7075-T73 

Influence  of  fracture  toughness 
clearly  indicated  by  instability 
of  crack  growth  at  high  AK’s 

Short-transverse  rate  is  33% 
faster  than  longitudinal  rate 

7475-TMT1 

Short-transverse  rate  is  14% 
faster  than  longitudinal 

Short-transverse  and 
longitudinal  rates  are  the 
same 

7475-TMT2 

Short-transverse  rate  slightly 
faster  than  longitudinal  rate 

Short-transverse  and 
longitudinal  rates  are  the 
same 

NOTTS  I . Forgings  heat-treated,  quenched  in  cold  water,  aged  24  hours  at  250°F  plus  indicated  time  at  350°F  as  2-in.  thick  sawed  sections. 

2.  7075  heat-treated  at  880°F,  7475  heat-treated  at  960°F. 

3.  Yield  strength  - 0.2%  offset. 


NOTES:  I . Forgings  teat-treated,  quenched  in  cold  water,  aged  24  hours  at  250°F  plus  indicated  lime  at  3S0°F. 

2.  7075  forging  heat-treated  at  880°F,  7475  forgings  heat-treated  at  960°F. 

3.  Yield  strength  * 0.2%  offset. 


TABLE  32.  RESISTANCE  TO  CORROSION  OF  1 -INCH-THICK 
7075-T7X  AND  7475-T7X  HAND  FORGINGS 


Days  to  Failure  of  Specimens  Exposed  Stressed  to 
Alternate  Immersion  (Method  823)  for  84  Days 

2nd-Step 
Aging  at 
350°F 
(hr) 

Longitudinal 
Tensile  Properties 

Elec 

Longitudinal  1/8-ln.d 
Tensile  Bars 
Stressed  at  45  ksi 

Short-Transverse 
Stressed 
at  45  ksi 

0.75-In. 0 
C-Rings 

Stressed  at  35  ksi 

S-No. 

UTS 

(ksi) 

YS 

(ksi) 

El 

<%) 

Cond 
(%  1ACS) 

Spec 

L2 

Spec 

L3 

Spec 

L4 

Spec 

Cl 

Spec 

C2 

Spec 

C3 

Spec 

C4 

7075  Hand  Forging  - 

Unrecrystallized 

437701-12 

■> 

82.2 

72.9 

14.0 

36.3 

OK  84 

OK  84 

OK  84 

OK  84-' 

OK  84 

Not  Not 

exposed  exposed 

437701-13 

4 

79.9 

69.5 

16.0 

37.4 

OK  84 

OK  84 

OK  84 

OK  841 

OK  84 

Not  Not 

exposed  exposed 

437701-14 

6 

78.7 

68.0 

14.0 

38.4 

OK  84 

OK  84 

OK  84 

OK84‘ 

OK  84 

aNot  Not 

exposed  exposed 

437701-15 

8 

74.5 

62.7 

16.0 

40.6 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

Not  Not 

exposed  exposed 

7475  Hand  Forging  - 

Recrystallized  Plus  Hot-Worked  (7475-TMTI 1 

438168-2 

■y 

81.9 

74.6 

16.0 

37.9 

OK  84 

OK  84 

OK  84 

OK  84' 

OK  84 

OK  84J 

OK  84' 

438 168-3 

4 

81.0 

72.7 

J6.0 

40.0 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84‘ 

4381684 

6 

78.5 

69.3 

16.0 

41.0 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

438168-6 

Q 

74.3 

65.4 

18.0 

41.9 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

7475  Fland  Forging-Recrystallized  Plus  Hot-Worked  (7475-TMT2) 

438171-2 

-> 

73.4 

16.0 

38.3 

OK  84 

OK  84 

OK  84 

F51DA 

F51DA  OK  84: 

OK  84 2 

438171-3 

4 

71.6 

16.0 

40.2 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84' 

OK  84 

4381714 

6 

77.0 

67.8 

16.0 

41.0 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

438171-6 

9 

74.6 

64.4 

16.0 

42.1 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

7475  Hand  Forging  - 

Unrecrystallized 

438174-2 

1 

83.8 

76.6 

14.0 

37.0 

OK  84 

OK  84 

OK  84 

OK  843 

OK  84 

Not  Not 

exposed  exposed 

438174-3 

4 

80.2 

72.4 

14.0 

39.1 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

Not  Not 

exposed  exposed 

4381744 

6 

77.4 

69.0 

18.0 

40.1 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

4381744) 

9 

74.8 

64.9 

18.0 

41.3 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

OK  84 

NOTES:  ! . Specimen  did  not  fail  but  contained  severe  directional  pitting. 

2.  Specimen  did  not  fail  but  contained  small  directional  cracks. 

3.  Forgings  heat-treated,  quenched  in  cold  water,  aged  24  hours  at  250°F  plus  indicated  time  at  350°F. 

4.  7075  forging  heat-treated  at  880°F,  7475  forgings  heat-treated  at  960°F. 

5.  Yield  strength  - 0.257  offset. 
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Figure  148.  Longitudinal  Yield  Strength  Versus  Electrical  Conductivity  for  Unrecrystallized 
7075  Aluminum  Alloy. 
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Figure  149.  Applied  Stress  Versus  Longitudinal  Yield  Strength  for  Aluminum  Alloy. 
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TASK  IV  - DATA  ANALYSIS  AND  EVALUATION 


The  objectives  of  this  task  are  to  analyze  and  evaluate  the  metallurgical  and  mechanical- 
properties  data  developed  in  the  previous  tasks  and  to  assess  the  impact  of  improved  mechanical 
properties  on  the  weight  and  cost  of  helicopter  components. 

The  properties  obtained  with  the  advanced-alloy /process  combinations  7475-TMT1  and  7475- 
TMT2  were  compared  with  the  properties  measured  from  the  conventionally  processed  7075-T73, 
and  in  some  instances  with  7075-T73  properties  available  in  published  literature.  The  advanced- 
alloy/process  combinations  are  ranked  in  Table  33  with  respect  to  their  ability  to  improve 
tensile,  fatigue,  fracture,  and  stress-corrosion-resistance  properties. 


TABLE  33.  RANKING  OF  7475-TMT  ALLOY  FORGINGS 


Basis  of  Comparison 

7475-TMT  I 

7475-TMT2 

Tensile  Properties 

Longitudinal 

A 

Longitudinal 

B 

Short-transverse 

B 

Short-transverse 

A 

Fatigue  Properties 

A 

B 

Fatigue-Crack- 

Low  AK 

A 

Low  AK 

B 

Propagation  Properties 

HighAK 

B 

HighAK 

A 

Fracture  Properties 

A 

B 

Stress-Conosion 

Resistance 

A 

B 

NOTE:  A s superior  to  B. 

The  advantages  of  using  advanced  processes  to  produce  forgings  for  helicopter  components  will 
be  demonstrated  by  example. 

In  designing  helicopter  structural  components,  the  selection  of  a material  involves  considerations 
of  cost,  weight,  reliability,  and  maintainability  as  well  as  basic  material  properties.  Weight  is 
a primary  concern  and  results  directly  from  satisfying  structural  requirements  for  static  strength, 
fatigue  strength,  and  failsafe  or  damage-tolerance  strength. 

Many  helicopter  structural  components  are  aluminum  forgings  whicn  are  generally  sized  First  by 
fatigue-strength  requirements.  Advanced  processes  for  aluminum  forgings  possessing  increased 
fatigue  strength  have  potential  for  weight  savings  in  direct  proportion  to  that  increase  in  fatigue 
strength.  This  can  be  demonstrated  for  the  YUH-61 A horizontal-stabilizer  spar  fitting,  part 
no.  179-25101,  shown  in  Figure  152.  This  component  is  sized  for  fatigue  strength  and  the 
critical  areas  are  the  lugs.  The  fitting  lug  is  designed  for  5.000  hours  ot  fatigue  life  using  7075- 
T73  forging.  Detailed  calculations  presented  in  Appendix  E show  that  a 5-percent  increase 
in  the  design-allowable  fatigue  strength  results  in  a 5-percent  reduction  in  component  weight 
(see  Figure  153). 
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Potential  weight  savings  for  helicopter  components  sized  to  damage-tolerance  requirements  are 
possible  by  using  the  7475-TMT1  or  7475-TMT2  advanced-alloy/process  combination.  Consider 
the  YUH-61 A antitorque-rotor  collective-pitch  slider,  part  no.  179-57370,  shown  in  Figure  154. 
The  pitch  slider  can  be  designed  to  be  failsafe  if  equipped  with  a fatigue-crack-detection  device 
which  provides  a visible  indication  (failure  warning)  when  a small  crack  exists.  Assume  the 
device  is  examined  prior  to  each  flight  and  that  there  is  a criterion  requiring  the  partially  failed 
component  to  be  capable  of  sustaining  flight  loads  for  30  hours  subsequent  to  the  initial 
failure  warning. 


In  designing  the  component  for  these  requirements,  two  mechanical  properties  are  of  prime 
concern.  First,  the  fatigue-crack  propagation-rate  properties  determine  how  fast  the  fatigue 
crack  grows.  Second,  the  fracture-toughness  property  determines  the  critical  crack  length  which 
the  component  can  be  expected  to  sustain  under  the  maximum  lead  anticipated  in  flight. 

The  predicted  performance  of  the  pitch  slider  is  shown  in  Figure  155  and  is  based  on  the 
properties  measured  in  Task  III  for  conventional  7075-T73  and  7475-TMT2  alloy  for  fatigue- 
crack-propagation  rate  (Figures  127  and  146)  and  for  fracture  toughness  (Table  21). 

For  this  example,  crack  growth  is  predicted  by  using  an  RMS  stress  level  of  865±  1 .605  psi  with 
the  crack  model  for  a hollow  cylinder  and  the  Paris  relationship  for  crack-growth  rate.  The 
computation  procedure  is  detailed  in  Appendix  F. 

From  the  comparison  shown  in  Figure  155.  it  can  be  seen  that  an  improvement  is  possible  with 
TMT  forgings.  This  improvement  can  be  used  to  provide  additional  reliability  or  to  effect  a 
weight  saving  and  meet  the  original  reliability.  The  weight  saving  as  a function  of  improvement 
in  fracture  properties  is  shown  in  Figure  1 56.  Computations  are  shown  in  Appendix  F. 
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Figure  153.  Weight  Savings  Available  Through  Improved  Fatigue  Properties. 
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CRITICAL  CRACK 
SIZE 


I 

I 

I 

I 

I 


1.75 


LIFETIME  SUBSEQUENT  TO 
FAILURE  WARNING 


Figure  155.  Improved  Failsafety  Through  Enhanced  Fracture  Properties. 
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COST  EFFECTIVENESS 


* 


Weight  savings  are  potentially  cost-effective.  A cost  analysis  involves  many  factors  which  can 
be  grouped  in  the  following  categories: 

• Unit  investment 

• Support  (maintenance,  equipment,  training) 

• Spares 

• Weight  penalty 

• Operated  effectiveness 

• Attrition  loss  of  aircraft  due  to  component  failure 

Each  cost  category  is  sensitive  to  the  following  variables,  which  must  be  factored  into  the  true 
cost  profile : 

• Mission  requirements 

• Fleet  size 

• Fleet  life  period 

• Aircraft  configuration  (i.e.,  size) 

• Projected  dollars  (inflation) 

Obviously  the  goal  of  developing  an  absolute  cost  is  a formidable  task  beyond  the  scope  of 
this  study.  However,  a basic  approach  can  be  demonstrated  in  order  to  place  in  proper  per- 
spective the  relative  costs  involved. 

The  equation  for  flyaway  costs  can  be  used  to  illustrate  a cost  saving  by  using  TMT  aluminum 
alloys.  The  assumption  that  production  quantities  of  TMT  aluminum  forgings  can  be  fabricated 
as  economically  as  conventional  7075-T73  has  been  made.  Flyaway  costs  of  the  airframe  are 
estimated  by  subsystem  weight. 

Average  airframe  per  unit  cost  of  one  production  aircraft 

19 

2 ( CAFFCA  (i)  (I) 

and 
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; 


NPAC 

CAFFCM(i)  = A12M(I)  S(i)B12M(i)  XG12 

NPAC 


(4) 


J 


where  AVFCP 

= 

average  flayaway  cost  of  production  aircraft 

CAFFCA(i) 

= 

average  subsystem  cost  of  production  aircraft 

CAFFCL(i) 

= 

labor  portion  of  the  average  subsystem  cost  of 
production  aircraft 

CAFFCM(i) 

= 

material  portion  of  the  average  subsystem 
cost  of  production  aircraft 

S(i) 

— 

weight  of  subsystem  times  total  aircraft 
produced  = X(i)  x (NPAC  + NOP) 

NPAC 

= 

number  of  production  aircraft  (excluding  prototypes) 

G12 

= 

gross  modifier  of  the  airframe  portion  of  flyaway 

NOP 

= 

number  of  prototypes. 

11 

H 

| 

i 


The  current  baseline  coefficients,  B12L(i)  and  B12M(i),  are  given  in  Table  34.  As  an  example, 
the  production-aircraft  cost  savings  will  be  demonstrated  for  a weight  savings  in  the  rotor 
system,  subsystem  12.  Since  relative  savings  are  of  interest,  it  is  possible  to  compare  the  fly- 
away cost  equations  for  7075-T73  and  for  7475-TMT. 

For  a 5-percent  weight  saving  in  the  rotor  subsystem, 

S(12)7475-TMT  = a95  S(12b075-T73-  (5) 

By  substitution  in  equation  4, 

CAFFCM(12)7075.T73-{a12M(12)}  S(12) ““M  (6) 


CAFFCM(12)7475.TMT-{A12M(12)}  S(1 2) 


B12M(12) 

7475-TMT 
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The  relative  cost  savings  can  be  determined  by  dividing  equation  7 by  equation  6 and  substi- 
tuting equation  5: 

/S(12)TMT\B12M(,2) 

CAFFCM(  1 2)7475.tmt  = CAFFCM(  1 2)7075_T73 

( 0.95  \ 0.84899 

= CAFFCM(12)7075.t.73^— j 

= 0.96CAFFCM(12)7075.T73, 
or  a 4-percent  savings  in  the  flyaway  cost  of  each  production  aircraft. 


TABLE  34.  SUBSYSTEM  COST-WEIGHT  COEFFICIENTS 


Subsystem 

X(i) 

A 1 2 L(i) 

B12L0) 

A12M(i) 

B12M(i) 

Fuselage 

1 

39,063.35 

0.486394 

126.88 

0.812642 

Wings 

2 

15,401.34 

0.531771 

98.45 

0.809710 

Nacelles 

3 

6,425.37 

0.633160 

484.84 

0.846940 

Empennage 

4 

24,383.69 

0.468590 

110.11 

0.816530 

Armor  Plate 

5 

0.0 

1.0 

10.065 

0.94226 

Alighting  Gear 

6 

1,953.87 

0.623630 

100.71 

0.859430 

Flight  Controls 

7 

708.67 

0.722290 

255.48 

0.854320 

Hydraulic/Electrical 

8 

11,057.01 

0.630270 

613.32 

0.865070 

Instruments 

9 

1,914.29 

0.697960 

356.94 

0.922710 

Air  Cond  & Deicing 

10 

0 

1.0 

789.3 

0.8635779 

Personal  Accom 

11 

0 

1.0 

35.935 

0.8615416 

Rotor  System 

12 

2,889.21 

0.646230 

190.92 

0.848990 

Drive  System 

13 

2,542.42 

0.654770 

267.82 

0.847810 

Fuel  System 

14 

1,231.99 

0.632870 

312.42 

0.857300 

Engine  Accessories 

15 

0 

1.0 

790.62 

0.8550757 

Airframe  Electronics 

16 

0 

1.0 

1,391.2 

0.8623805 

Passenger/Cargo 

17 

0 

1.0 

69.647 

0.8655591 

Propeller  Inst 

18 

2,889.21 

0.646230 

190.92 

0.848990 

Integration 

19 

54,852.0 

0.4416448 

0.0 

1.0 

CONCLUSIONS 


I 

The  goal  of  this  program  was  to  achieve  ITMT  aluminum-alloy  forgings  that  have  equivalent 
tensile  properties  and  stress  corrosion  resistance,  and  20  percent  better  toughness  fatigue  proper- 
ties than  conventional  7075-T73  forgings.  This  goal  has  been  achieved  and,  in  some  instances, 
exceeded:  

1.  Tensile  properties  of  ITMT  aluminum-alloy  forgings  are  better  than  those  of  7075-T73 
forgings  in  that  the  TMT  materials  have  equivalent  strength,  higher  elongation,  and 
reduction  in  area. 

2.  Fracture-toughness  values  of  ITMT  aluminum-alloy  forgings  are  as  much  as  62  percent 
higher  than  conventional  7075-T73  forgings. 

3.  Fatigue  properties  of  ITMT  aluminum-alloy  forgings  are  as  much  as  62  percent 
higher  than  conventional  7075-T73  forging  properties. 

4.  Stress-corrosion  properties  of  TMT  aluminum-alioy  forgings  are  equivalent  to  7075-T73 
forging  properties. 

These  advantages  have  been  achieved  within  the  limits  of  current  industrial  forging  practices. 

Undoubtedly,  the  potential  for  still  further  improvements  exists  if  present-day  forging 
constraints  imposed  by  machine  capacity  are  expanded  beyond  today’s  industrial  limits. 

It  has  been  demonstrated  that  ITMT  forgings  are  cost-effective.  The  development  of 
further  improvements  in  ITMT  forging  technology  will,  therefore,  also  improve  the  cost- 
effectiveness  of  these  practices. 


RECOMMENDATIONS 


The  results  of  this  program  show  that  Intermediate  Thermal-Mechanical  Treatment  (ITMT)  is 
a technique  for  improving  the  properties  of  7XXX-series  aluminum-alloy  forgings,  and  that 
it  is  a cost-effective  means  of  saving  weight  in  helicopter  components.  The  next  step  recom- 
mended is  a program  for  the  fabrication  of  an  actual  helicopter  component  using  an  ITMT- 
processed  aluminum  alloy  and  for  side-by-side  test  evaluation  of  this  component  with  a 
conventional  aluminum  component. 
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APPENDIX  A 


LOCATION  AND  ORIENTATION  OF  TEST  SPECIMENS 
IN  TASK  II  FORGINGS 


Figures  Al,  A2,  and  A3  indicate  forging  dimensions  and  define  the  sequence  of  events  for 
producing  the  final  sections  used  to  fabricate  test  specimens. 

The  exact  location  of  each  individual  test  specimen  can  be  identified  from  Figures  A4 
through  A7. 


Figure  A2.  Two-Inch-Thick  Forging  for  Specimens  XXOI  Through  XX57. 


NOMINAL  DIMENSIONS 
SPECIMEN  TYPE  QUANTITY  FOR  SPECIMEN  BLANKS 


FATIGUE,  SMOOTH 


6.7  x 0.8  x 0.8 


ALL  DIMENSIONS  ARE  IN  INCHES. 


ooSSSSoSS 

xxxxxxxxx 

xxxxxxxxx 


t/2,  THE  CENTERLINE  OF  THE  SECTION,  SHALL  CORRESPOND 
TO  THE  CENTERLINE  OF  ALL  SPECIMENS  AS  SHOWN. 


MATERIAL 

SECTION 

IDENTIFICATION 

NUMBER, 

XX 

7075-T73 

03 

7475-TMT1 

09 

7475-TMT2 

15 

Figure  A4.  6.7-Inch-Thick  Forging  for  Specimens  XX01  Through  XX08. 
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SPECIMEN  TYPE 


TENSILE 

FRACTURE-TOUGHNESS 


NOMINAL  DIMENSIONS 
QUANTITY  FOR  SPECIMEN  BLANKS 


2 5.7  x 1 x 1 

1 3.5  x 3.4  x 1.4 


t/2,  THE  CENTERLINE  OF  THE 
SECTION,  SHALL  CORRESPOND 
TO  THE  CENTERLINE  OF  ALL 
SPECIMENS  AS  SHOWN. 


ALL  DIMENSIONS  ARE  IN  INCHES 


CM 

m 

O 

o 

X 

X 

X 

X 

MATERIAL 

SECTION 

IDENTIFICATION 

NUMBER, 

XX 

7075-T73 

04 

7475-TMT1 

10 

7475-TMT2 

16 

Figure  A5.  6.7-Inch-Thick  Forging  for  Specimens  XX01,  XX02,  and  XX03. 
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NOMINAL  DIMENSIONS 

SPECIMEN  TYPE  QUANTITY  FOR  SPECIMEN  BLANKS 

CRACK-PROPAGATION  2 3.2  x 3.2  x 0.6 


XX01 

XX02 

cc 

9.0 


IJ 

\ 

f 3 O 

t/2 

“ I ““  C 

ALL 

DIMENSIONS 
ARE  IN  INCHES. 


NOTE:  t/2,  THE  CENTERLINE  OF  THE 

SECTION,  SHALL  CORRESPOND 
TO  THE  CENTERLINE  OF  ALL 
SPECIMENS  AS  SHOWN. 


SECTION 

IDENTIFICATION 

NUMBER, 

MATERIAL 

XX 

7075-T73 

05 

7475-TMT1 

11 

7475-TMT2 

17 

Figure  A6.  6.7-Inch-Thick  Forging  for  Specimens  XX01  and  XX02. 
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SPECIMEN  TYPE 


TENSILE 

FATIGUE,  SMOOTH 

CRACK-PROPAGATION 

FRACTURE-TOUGHNESS 


QUANTITY 


NOMINAL  DIMENSIONS  FOR 
SPECIMEN  BLANKS 


5.7  x 1 x 1 

6.7  x 0.8  x 0.8 
3.2  x 3.2  x 0.6 
3.5  x 3.4  x 1.4 


ALL  DIMENSIONS  ARE  IN  INCHES. 

NOTE: 

t/2,  THE  CENTERLINE  OF  THE  SECTION, 
SHALL  CORRESPOND  TO  THE  CENTERLINE 
OF  ALL  SPECIMENS  AS  SHOWN. 


MATERIAL 

7075-T73 

7475-TMT1 

7475-TMT2 


SECTION 

IDENTIFICATION 

NUMBER, 

XX 

06 

12 

18 


!■ 


i 

i 

APPENDIX  B 

LOAD-STRAIN  PLOTS  OF  FORGING  SPECIMENS 

Load-strain  traces  for  the  30  standard  tension  tests 
are  presented  in  Figures  B1  through  B12. 


ULTIMATE  LOAD  — 
14,650  LB 


YIELD  LOAD 
12,750  LB 


SPECIMEN  NO.  0101 

I I 


ULTIMATE  LOAD — *.,+ 
14,650  LB  L/ 


=>-  10 


.YIELD  LOAD 
12,625  LB 


SPECIMEN  NO.  0102 

"ULTIMATE  LOAD— *7'*' 
14,700  L8 


YIELD  LOAD 
12,500  LB 


Q 

< 5 


SPECIMEN  NO.  0111 


0 0.002  0.004  0.006  0.008  0.010 

OFFSET 

STRAIN  - IN./IN. 

Figure  Bl.  Tension  Tests  of  Standard  Round  Specimens  No.  0101,  0102,  and  0111. 
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LOAD- LB  X 1,000  LOAD  - LB  X 1,000 


OFFSET 


STRAIN  - IN./IN. 


Figure  B3.  Tension  Tests  of  Standard  Round  Specimens  No.  0402  and  0403. 
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OFFSET 

STRAIN  - IN./IN. 

Figure  B4.  Tension  Tests  of  Standard  Round  Specimens  No.  0601  and  0609. 


0 0.002  0.004  0.006  0.008  0.010  0.012 

OFFSET 

STRAIN  - IN./IN. 


15 


Figure  B7.  Tension  Tests  of  Standard  Round  Specimens  No.  1002  and  1003. 
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LOAD  - LB  X 1,000  LOAD  LB  X 1,000 


Figure  B8.  Tension  Tests  of  Standard  Round  Specimens  No.  1201  and  1209. 
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0 0.002  0.004  0.006  0.008  0.010 

OFFSET 

STRAIN  - IN./IN. 


Figure  Bll.  Tension  Tests  of  Standard  Round  Specimens  No.  1602  and  1603. 


rn 


Figure  C4.  Fracture-Toughness  Test  of  Short-Transverse-Compact  Specimen  No.  0401, 
6.7-Inch-Thick  7075-T73  Aluminum  Forging. 


DISPLACEMENT 


Figure  C12.  Fracture-Toughness  Test  of  Longitudinal-Compact  Specimen  No.  1323, 
1-Inch-Thick  7475-TMT2  Aluminum  Forging. 


Aluminum  Forging. 


APPENDIX  D 


FATIGUE-CRACK  PROPAGATION-RATE  DATA  TABULATIONS 


•JOB  ZOLA,KP«29,LINE3»50,PAGfc3*90,TIMt«jo,RUN«CHECK 

1 20  FORMAT(1M1#T10, 'FATIGUE  CRACK  PROPAGATION  DATA  FOR  7475  TMT  • ) 

2 30  F0RMAT{1H0,17A«) 

3 2 FORMAT  ( / 14X4MPMAX 1 0X4HPMIN1 0X2HAO l OX2HNO 10X1H810X1HM) 

4 3 FORMAT  (12XF7.0,OXF7,0,OXF7,5,4XF7,8,7xF7,5,5XF7,5) 

5 7 FORMAT(/6XtHAl3XlHN9X4HDELAlOX4HDELNeX4HKMAX7X4HOELKOX4HOADN) 

6 6 FORMAT(2XEll,5.3XF9,0,3XElt.5,tXF9,0,3  8,2, 3XF8.2, 3XEU ,5) 

7 DIMENSION  ALP(17),aC100),XN(100),DEUU  uO) ,DAON( 100) ,DELA(100) ,DEL 
lNCtOO).XKMAX(lOO) 

8 COMMON  ROT (226) 

9 EQUIVALENCE  <RDT(lO)/PMAX}, (R0T(11),PMIN), (RDT(12),B), {R0T(13),*O, 
1(R0T(14),A0), (ROT ( 1 5)  , XNOJ , (ROT (16),XA),(RDT(17),A(1)), (RDT ( 1 16) , X 
2N ( 1 ) ) 


i M ) 


10 

00  09  1st ,220 

11 

09 

RDT ( I ) aO  , 0 

12 

00  15  TS1.17 

13 

15 

ALP(I)«0,0 

14 

10 

R£AD,N,M, (R0T(N>K«1),KS1 

15 

IF (N»l ) 25, 25, 1 0 

10 

25 

NNsRDT(l)*,Ol 

17 

IF (NN»l 100,70,55 

18 

55 

RE A09 , ( ALP (N) , N»1 , I 7) 

19 

9 

F0RMAT(17Aa) 

20 

45 

GO  TO  JO 

21 

70 

OELPsPMAX.PMlN 

22 

COEFsOELP/(B*fW«*0.5)) 

23 

RATIOsPMAX/oELP 

29 

NsROT (10)*t001 

25 

PRINT  20 

20 

PRINT  30,(ALPfK),K*l,I7) 

27 

PRINT  2 

28 

PRINT  3.PMAX,PMIN, AO,XNO 

29 

PRINT  7 

30 

DELK(1)sC0EF*(29,6*(A(1) 

l)«*4,5«l85.5*(A(t)/W)**l 

31 

XKMAX(i)sRATIO*OELK(l) 

32 

0ELA(1)SA(1)-A0 

33 

OELN(l)sXN(j )*XNO 

34 

OAON(n«OCLACll/OELN(l) 

35 

PRINT  8,*(n,XN(l),0ELA( 

30 

00  100  J«2,N 

37 

0ELK(J)sC0EF*(29,6*tA(J) 
1 )**4,5-185.5*(A(J)/W)**l 

38 

XKMAX(J)sRaTIO*OELK(J) 

3’ 

DElA(!J)«A(j).A(J-i) 

40 

OELN(J)«XNf J).XN(J.I) 

41 

DADN(J)sOELA(J)/OELN(J) 

02 

PRINT  8,A(J1,XN(J),0ELA( 

43 

100 

continue 

44 

GO  TO  10 

45 

00 

STOP 

46 

END 

•ENTRY 


COPY  AVAILABLE  TO  COO  CO'S  ' " 
PERMIT  FOliY  LEOiELE  PBDBUO 
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01 

BPA8A, 

A,aAAAAF«P1 

15*0, 

16*71 , 0 A 

1 6 ft  26 ,3* 

a.2'9316F-Au 

0, |?07«>£ 

Al 

41  BAA  , 

a,baaoaf-o’ 

1 32«, 

1 7650,27 

16766,64 

a,  3ft  3A  3* -AB 

O.lJuTlF 

01 

B2UM0 , 

A.UAAAAF-01 

1 P*n, 

1 6u9u, 3u 

1 75©8,as 

0, 37037F-0O 

0,1?*7«.E 

01 

u 359,1, 

A , BAAAOF-P 1 

1 1 1 A, 

1941 4,06 

1 6442,1 3 

ft  , 56ft36F-AB 

O.t J*7oE 

01 

u«52A , 

A , 4 AAOAf  —A  1 

93P, 

20421 ,40 

1 9399, pa 

a , B 30 1 1 F-A4 

0.1  J»7<«F 

01 

B536A, 

a , u Am  i F-P 1 

8 0 A , 

21530,82 

2046?, 91 

0,U762A*-AB 

0, 1 U07»£ 

01 

461  BA , 

p , a a A a a j 1 

7 • A , 

2*7-56,64 

21M9.27 

a ,51 ?■*» -OB 

0 , 1 SUTfcE 

01 

U6  7 7 A , 

A,baaaa€-P1 

630, 

*al23,1 3 

2291 5,uu 

A,63B92F-Au 

0,  |<I»7«.E 

Al 

4 7 B 3 A , 

A , B A A60F-A 1 

66  A , 

256aB , 6* 

24  3hO , *2 

A ,6ft6A6F  -A(j 

0.HE70F 

Al 

B 7 79  a , 

A , B A AA AF »A 1 

36  0, 

27346,73 

25°  7 7,66 

A,  1 1 1 1 IF. A3 

0.I50T0F 

01 

U8240  , 

A , UAOAAF-A-t 

4*50, 

29254,31 

27769,74 

0 , 6«669r-ft4 

0, 1»0Tut 

01 

B*5b  0 , 

A , U AAAAF»P 1 

300, 

il 394,86 

29*23,14 

A.  1 J333f -0  3 

",1»u7»E 

01 

B • 78  0 , 

A , B AAA AF.A 1 

*u  A , 

33796, 7* 

32106,68 

A , 1 6667F -A  3 

0 , | 0«7*f 

01 

B9p>fl , 

A,BAAnflF-01 

2uO, 

36407,72 

3467ft,62 

A , 1 66* 7f • A 3 

»,1  »??0F 

81 

B 9 1 BA, 

A,F|0*06X.pi 

120, 

395*6,63 

37549,69 

A , 3 33X  3F -A3 

0 , 1 7070F 

Al 

B 9 2 3 A , 

A ,UPAAAF»A1 

9A, 

429*6,26 

40779, 1 3 

ft  , UB44UF -A  3 

0 , 1 0070F 

Al 

B 0 26  A , 

a , gppprtF-A 1 

30, 

467  J6 ,86 

44396 ,69 

a,  1 333  SF -02 

0 , 1 0U70F 

Al 

49^90 , 

A ,BOPAA* -A  1 

30, 

51005,48 

4*480 , AB 

A,  1 3333F-A2 

0.1M7.E 

01 

49  32 A , 

A,uAAA0*-Al 

30  • 

58767,65 

52°  T* , 7 3 

a , 1 3 3 3 3F  -ft2 

COPY  AYAILAFIE  13  SDO  EES  RET 
PERMIT  FiilLY  LEGiULE  PRGCoC.i^ 


► *T  lUufc  C«*C*  PROPORTION  04T* 


SPEC  NO  1 

)8*6 

LONG  G91IN 

Room  no  test 

EHta  5 H2 

PM»» 

PMIN 

60 

NO 

779. 

3*.  o, 

,60*30 

0. 

0.25*60 

2.50000 

* 

N 

DEL* 

OtLh 

KMtl 

OtL* 

U61** 

0,6»»l0fc 

00 

ssso. 

0,*0000t.01 

5550, 

10551,98 

I 0025,  / 1 

0, 720  72t-0* 

O.bSSJOt 

00 

9900. 

0.90000t-01 

9350, 

10806,25 

10265.26 

0.9l9S4fc-05 

O.TiSJOt 

00 

1«160, 

0,*0000t.01 

*260, 

11109,05 

10*46,1* 

0,9i897t-0* 

0,7*»Jot 

00 

18000. 

0,90000t-01 

3890, 

119*4,2* 

10870,54 

0,1041 7t-04 

O.SOPJOt 

00 

21640, 

0.90000t-01 

3630. 

11521.73 

0,1  10191-04 

O.SuRJOt 

00 

2SOSO, 

0,900001*01 

3*20. 

12237.23 

11624. 60 

0,  »l696t-04 

0.889JAE 

00 

26020. 

0.90000E-01 

2*70, 

12688,92 

120*5.19 

0,1 54681-04 

0,92«l0E 

00 

J07S0. 

0,*0000t-01 

2730. 

13179,22 

12*1«.67 

0,146*21-04 

0,»»9J0l 

00 

32*10, 

0.90000E-01 

2160, 

136*9,16 

iiooe.*9 

0.16*161-04 

o.  loosjt 

01 

3SI10, 

0,90000E*Ot 

2*00, 

1 «29* , 00 

11*55,69 

0,166671-04 

0,I0««JE 

01 

37t*0. 

O.OOOOOf -01 

1830. 

19890,97 

19097,51 

0,218*81-04 

0,1 089  Jfc 

01 

38910, 

0.90000E-01 

1 770, 

15*71 ,4* 

19696, 84 

0,22*99t-04 

0.IW9JI 

01 

*01>»0, 

0,90000t*0l 

1680, 

16195,46 

1*557,69 

0.21809t-04 

0,ll69Jf 

01 

92o»0. 

0.90000E-01 

1500, 

1686*,85 

16025,29 

0,266671-04 

0.W09JI 

01 

9 IfcbO, 

0,90000t*0t 

1560, 

17650,13 

16766, *0 

0,2*6411-04 

0,li«9Jl 

01 

99690, 

O.UOOOOt-Ol 

9*0. 

189*5.67 

17*69,71 

0 ,404041 -04 

0.1J89JE 

01 

9S870, 

0 , 90000E-0 1 

1240, 

t*916.*l 

16999, 6a 

0,52*20t-04 

0,IJi9Jl 

01 

96S*0. 

0.90000E-01 

720, 

20926,37 

19401, 7b 

0,****M-0a 

0.1S99JI 

01 

97*90, 

0,90000i-01 

*00. 

21538,26 

20959,98 

0,4444-6-34 

0.1AA9JE 

01 

98150, 

0.90000E-01 

660, 

22769,09 

21629,1s 

0 ,60606t-0tt 

o,m#9jE 

01 

98890, 

0,90000t*01 

6*0, 

2*137,12 

22928,75 

0. *79711-04 

0,1989 jt 

01 

9*910, 

0.90000E-01 

570. 

25662,90 

29178,15 

0,  701 7St-0a 

0.1S49U 

01 

*«8*0, 

0.90000E-01 

980, 

27369.93 

2*999,69 

0,6 51551-09 

0,l%*9« 

01 

501*0, 

0,90000t*01 

300, 

2*282,8* 

27816,89 

0.151551 -OJ 

0 , 1 609  St 

01 

509  JO, 

0,40000t-0l 

2«0. 

31*29,80 

298*6,51 

0,166671-05 

0.1fc«9jf 

01 

50580, 

0.90000E-01 

150, 

33890,79 

52196,5* 

0 , 2666  71-0  5 

0.1989JE 

01 

50730, 

0, *00001-01 

150. 

365*8,21 

59718,48 

0,266671 -05 

0.17i9it 

01 

50820, 

0,900006-01 

*0. 

3*587,78 

5760*, 68 

0 , 444441 -0  3 

0,176* Jt 

01 

50*10, 

0,9000lt-01 

*0. 

92**7,70 

90845,09 

0 , 4444S1 -05 

0.1809JE 

01 

50*90, 

0,90000t-01 

30. 

9681*, 90 

44475,46 

0,155551-02 

0 , 18tt9  Jt 

01 

51000, 

0,900006-01 

60, 

510*9,75 

48*56,77 

0,666671-05 

»»TK.l>F  C-»»C»  PROBRGRT  Jt*N  01  T * 

SPEC  ‘0  OUST  IONS  GR11N  ROC*  S»lT  TEST  1 S "7 


0MAX 

PMJN 

All 

Nh 

4 

997 

• 

25,  « 

,*u«50 

0. 

0,294.-0 

2,s<*r>'  o 

A 

N 

pel* 

PtL* 

dMI 

ne,  • 

r.,,3 

0.9883CE 

00 

9180, 

n,90ft00f-0t 

45*0, 

6955.5* 

6**a,S9 

r ,91  52«*  —06 

0.T2838E 

00 

8100, 

«,90000C»M 

5720, 

7125.68 

67n*,*« 

",107*51  -oa 

0 , 788  lot 

00 

1 1 820, 

n, 9ooonC-oi 

5420, 

7541,05 

6971,77 

0,11  **967  -0  u 

A.SASJnt 

00 

19*90, 

0,90000t-01 

5120, 

7585, 58 

7201,95 

0, 12*216-o„ 

0.89838C 

00 

182*0, 

0,900006-01 

5600, 

7849,61 

70S0.77 

0.1111  n-Oa 

0.88830C 

00 

210*0, 

0,900006-01 

2**0, 

8158,75 

7729. 54 

0,1  40  3*7  -"-4 

0,«283bC 

00 

231*0, 

0,900006-01 

2100, 

6449,99 

8024.9S 

n , 1 90<|f  7 »nu 

0 , *88306 

00 

2*230, 

0,900006-01 

2040, 

8785,26 

8 Sal  ,a«8 

o , 1 9*r8t>* -o». 

0, I8083E 

01 

27290, 

0,90000f«01 

2010, 

9118,91 

8679,21 

0 ' 1 990  .'7  -Oa 

0,10*833 

01 

28*20, 

0,400006-01 

1680, 

9*18,00 

9059.24 

■',2  3*0  4*  .n-, 

0,108831 

01 

30300, 

0,400006-01 

1 580, 

9922,44 

0425, 55 

0 ,2*9#  S7 -0  a 

O.I1283E 

Ot 

31800, 

0,400006-01 

1200, 

1 0 5*4,79 

9*15,95 

. 3 5 3 8 57  -Oa 

0 , 1 1 883E 

0 1 

32*70. 

ft.aoooot-01 

1170, 

1 0*1 8,65 

10274, u* 

0 , 341 A*7 -o a 

0.12083E 

01 

33870, 

0,400006-01 

1200, 

1 I 51 8,60 

1 07u9,26 

« , 33  3 3 57 -«ta 

0.1298H 

01 

398*0, 

0,400006-01 

1020, 

1 1860,5* 

1 12*5.77 

",  3«2l67  -Ot, 

0.I2883E 

01 

387*0, 

0,400006-01 

870, 

124*0,4* 

11*24,21 

0 , -*47  77  -fly 

0.IJ283E 

01 

3*890, 

0,400016-01 

780, 

| 5097,06 

12458.27 

o , * J 2 A 57  -o  u 

0,1 388  3t 

01 

37170, 

0,400006-01 

650, 

1 5809,  1 4 

1 51  ia, *5 

0,6  34927  -0*4 

S.19083E 

01 

37800. 

0,400006 -01 

650, 

14*97,54 

1 3*65,08 

0 ,63U4?7 .0  U 

0, 1 9983E 

01 

383*0, 

0,400006-01 

*40 

1*475,50 

1 <1694,9* 

o , 7a07af -ou 

0,198833 

01 

3*880, 

0,400006-01 

*10, 

164*0,50 

1*622,85 

o, 744317 -Ota 

0.1S283E 

01 

3*2*0. 

0,400006-01 

590, 

175-2,87 

1 *6** 0 ,u* 

0 , 102*6* -o 3 

0,15**3E 

01 

3***0, 

0,400006-01 

420, 

1 87*7.81 

1 782  5,77 

6,9*23*7  — 0 (| 

0.18083E 

01 

90020, 

0,400006-01 

560, 

20142,1a 

19128.97 

0,111117-03 

0,I*«»3E 

Oi 

90350, 

0,400006-01 

no. 

2 1 68* , a* 

2o59u,6«* 

0,121217-05 

0,1*8833 

01 

903*0, 

0,400006-01 

240, 

25418,61 

2224  o , mu 

0,1  66*3  77  —0  3 

0 , 1 728  3E 

01 

90800, 

0,400006-01 

210. 

2*564, 5? 

240*8,4*' 

•> , 1 96ao7  .n  3 

0.  I7*83t 

ot 

*10*0, 

0,400006-01 

240, 

27*47, S| 

2ftt  61 , *4 

0, 1 #3*30  77  -05 

0,180833 

01 

91250, 

0, 400006,01 

210, 

2499  3,8* 

284MS, 1 5 

0 , 1 90467 .0 5 

0 , 1 898  3E 

01 

91900, 

0 ,4OOflOF-0 1 

1*0, 

52751.7a 

510**, 50 

6,?h6677-03 

0.18883E 

01 

91550, 

0,400006-01 

1*0, 

3*79n,u9 

55990,20 

0,26*677  -0  5 

0, 1 «283t 

01 

91*70, 

0,400006-01 

120, 

59201 .85 

57229,4* 

",  3 3 5 3 37 -0  3 

0,1«*83E 

01 

917*0, 

0,400006-01 

120, 

u299Q  t «9 

408  36 ,98n 

",  S 3 33  Sf -03 

0.20083E 

Ot 

*1*80, 

0,400006-01 

90  # 

47220.3a 

448(4*.  1 1 

o#yaaaa7-o  3 

0,20*831 

01 

*1*10, 

o.uooonF-oi 

50, 

*1906,8*1 

492*4, 9*3 

1 3 3 3 37  .02 

249 
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kATlbuk  rwAl*  **w(,**|(»#  T lu»<  • ' A T A 


s*ec  no 

1 1 0 1 

1cfr$  utfAlr. 

boc-  »:»  u st 

► •>  -1 

.Kit. 

*0 

6 

* 

5a*. 

*4.  0. 

0*3*0 

o. 

C,25ia0 

2 , 5 0 0 0 o 

* 

h 

CEL* 

02L* 

ft**!* 

DfcL* 

fib* 

0,4«i«Ot 

00 

9*90, 

o.*ooooc.oi 

4490  , 

6157,57 

7753,19 

0,4*U0anp-05 

0,7i5*0» 

nO 

2i§uc, 

o,.oooo2*oi 

1 1*50. 

6376,61 

79 ft  3,96 

0 ,33  755k  *05 

0,7434*2 

ftO 

3 1 *20 , 

0. *000*2. 01 

47*0, 

6611 ,63 

6203,75 

0 , a09on*  *05 

0,»054oE 

no 

o,*ooooe-oi 

1*1*0, 

69ji*,i* 

64*72,»*6 

0,39aanf .05 

0,»«J4o2 

no 

SOOIO, 

o.«cooo2-oi 

**so. 

9??S , aft 

67^6, 1<* 

0 , **6an5t  *05 

0.*«34nE 

no 

bo ISO. 

0. *000*2.01 

83*0, 

9563,62 

9069,9a 

0 , a 79fc24 »05 

n*> 

0*1*0, 

0, *00001-01 

S47(i, 

9926,00 

9«35.65 

0,67oo2k*0S 

0,*»l«OF 

no 

TlilO, 

0, *00002. 01 

7020  , 

10416,61 

9bOb,9\ 

0,569601*05 

0,100342 

nl 

?jV9 0. 

o,*eooo2.oi 

**50. 

10735,06 

10202,90 

0,660211*445 

0.10*542 

ni 

M««0, 

0, *000*2-01 

sioo. 

1 1 1 79,24 

10625,06 

0,76allk-05 

0,10*542 

nl 

ns*io. 

O.iCOOlE-Ol 

*3*0. 

1 1652,91* 

11075,26 

0,925951 *05 

0,11*542 

ni 

«*oso. 

o,*ooo*2.ci 

24*0 , 

1 ? 1 59, 23 

1 1556, a6 

0,  t 5152k  * 44  4* 

0,114542 

nl 

«2070. 

0,«0000t.01 

*020. 

12702,2a 

12072,57 

0 , 99502k  *05 

O.U0342 

nl 

9u*oo. 

n,*ooooE.oi 

2730, 

1 3267 , i a 

12626,67 

0, 1 a#»5?k-0a 

0,U»3«f 

nl 

9>5C0. 

0.. 00002-01 

2700, 

13920, 46 

13230, ao 

0, 1 a6 1 5fc *0a 

o,ia«5®2 

n l 

99**0. 

0. *00*02-01 

17*0, 

UMC.OS 

13665,60 

0 ,22966k  *r.a 

0,l3i3®2 

M 

10u9S0. 

O.uOOCCE-Ol 

1710, 

15465,09 

19603,62 

0,23492k  *0« 

0,1 s»s«t 

nl 

10*7*n. 

0.*00002«M 

1 770. 

16196,17 

15193,30 

0, 22599k. oa 

o, i*03«e 

nl 

1049*0. 

0. *00002-0 1 

1200, 

17115,50 

16267,05 

0 , 33413k*Oa 

0,1*«5»2 

nl 

105150, 

0, -.00002-01 

1230. 

16136,91 

1 7237,65 

0 , 42520k  *Ca 

0,1«»3»E 

nl 

intoso. 

« ,*0u00t-0  1 

400. 

19275,55 

16320,03 

0 , aaaaufc -Oa 

0, 15*542 

nl 

l oo*  no. 

o . u*  oorE-o i 

«30. 

205«9§o7 

19530, «2 

0 ,a3C 1 1 k -Oa 

0.1**J»V 

nl 

1 077C.O. 

o. *000*2-01 

720, 

2197*, 70 

20666,42 

0 ,5555ek  *0a 

0.J40342 

ni 

»0«?7o. 

0,*0000t-0l 

370, 

24576,91 

22ao6,i§ 

0, 70175k *0a 

0, 14.J42 

ni 

106  ’*n. 

0. *000*2.01 

•so. 

2537a, 79 

2a 1 16,91 

0 , 6666  9k  *0  a 

0, 144 J42 

M 

1091 ?o. 

vi.woccol-oi 

*30. 

27191,2*. 

26035,30 

0 , 66669k -Oa 

0,17*342 

n 1 

I09i*i  o. 

0, *00002. 01 

2*0, 

29*60 ,16 

26169,66 

Q , 1666?k  *0 4 

0,1 7*342 

« 1 

10*590. 

",  *0  0 002*0 1 

1 So , 

42203,91 

30607,50 

0 , 2666  7k  *0  4 

o.iouioe 

nl 

109710, 

0. *00002-0  1 

130. 

4*3  0S«,S'7 

33516,66 

0,26667k  *01 

0,1**307 

n 1 

io9aoo. 

C , .000*2.0 1 

40. 

462aa,23 

So  3a6 , aO 

0 , aaaaak  *0 1 

0,1"* 5«F 

nl 

I09n*o, 

o.csooot-oi 

»0. 

a 1 • 1 0 , 3 3 

39747,71 

0,66667k *01 

0,lOi39E 

nl 

io9n«r. 

0. *00002.01 

30, 

95767,79 

a S5\ 6 , 00 

0,133331*02 

rificup  n»ic*  9»ci*aGaTjon  Oita 


»**e  *« 

T 02 

T»i»*  gtilN 

§00“  Salt  tist 

6 5 "? 

6*19 

AO 

►'0 

ft 

A 

nil 

25.  0,*0*00 

6. 

0,253a6 

2,5or>^n 

4 

s 

OF  LI 

n|L9 

van 

OkL" 

PAH* 

0, 7**0** 

no 

4**0. 

o.*oOoo*.oi 

a69n. 

6706. ?T 

6377,66 

0 ,6 1 6ft«»  «0S 

o.T*»«*r 

nO 

•'40. 

o.ooonnF.oi 

«*  So , 

n9 1 ? . 59 

ft572 , 1 5 

6,*2*1ftk»os 

o.»0*o»f 

nO 

1 1*>* 

0,*C00ot.fl1 

aifto. 

?1 *n , 69 

6769,01 

0 , 95 2 3 *k  «ns 

0.«**0n» 

nO 

1T*?0, 

0. *000*2.01 

39nn, 

T391 ,?7 

7627,25 

6.1 0256k-n« 

0, ****** 

ftO 

»lt*0. 

o.«oon*F»«i 

333  n. 

766^. a? 

72*6 , 99 

0, i 261 ?f -o u 

0. «*»*** 

nO 

41**0. 

0. *000*2.01 

?7in. 

7956.  ttl 

7566,^7 

6,1  aftS2f*na 

«,*4***F 

nO 

4*140. 

0,«00002»0I 

2310, 

6270.20 

7§62.§9 

0,1  73l6»--0u 

0.10««*F 

M 

4M«0, 

0.400**2.01 

2l9n, 

§605. oa 

*1*1 ,2a 

0,1 *26S> -nu 

0.1S»»*B 

n| 

J0l*0, 

o,*no*n(.oi 

1 77n, 

6961 .97 

*626.59 

6,22599k  «na 

0. IO»»«F 

nl 

Jl »*0. 

o. *00002.01 

165n, 

9la?,fti 

6*62,09 

n,2a2o2*  «6u 

0.1tI*"F 

nl 

51*70. 

0. *000*1.01 

i uTn, 

97U9.59 

9269,02 

6.2721  Ik  «6u 

0,11 48*F 

nl 

5***0, 

0. *00**2.01 

i ?9n. 

1 n i §ft . 3 J 

9660,65 

6, 11  606f  .no 

0.150*"* 

nl 

5***0 , 

*.*0***2 -01 

9ftn  # 

1 065ft. 96 

161 32.16 

0 , a 1 667k .oa 

o.ii4»*r 

6 t 

544*0. 

0,*00"*f .01 

450. 

t 1 166,§1 

1 0616,5a 

0 , a 36 1 i f .no 

o,i?»»*r 

nl 

5*240, 

0. *00002.01 

"10. 

11722,32 

1 1 1 aa,90 

0,u9 3*3k .nu 

«.l  SM"2 

6 1 

5*010, 

0,«000O» .01 

750. 

12330.91 

11723,61 

0,53333k«na 

o.t j»«*r 

nl 

5*440, 

o,*oooo2.ol 

450, 

1360! ,n« 

12360,73 

6 , 6 3a  9 2k -oa 

0.1*0»*» 

nl 

5*500, 

0,«000o2.0l 

4*0. 

t 3792,76 

1 3665.9a 

0,ft660ftk -Oa 

0, 1»***F 

nl 

5**10, 

0. *00002. 01 

510, 

1 aShT ,2l 

1 3*u9,77 

6,76a3lk-0a 

0 . 1 ***** 

M 

40*40, 

0. *ooon2. oi 

*50 , 

I5a66. 35 

1 a723.6a 

n, 66660k .nu 

0.151**2 

nl 

•04*0, 

0. *00002*01 

*20. 

1651a. 95 

157*1 ,5§ 

0,95236? -6u 

0. 1*4*«F 

nl 

•10*0, 

0.*000n2.01 

540  , 

1 7667, uT 

16797,30 

6 , 1 1 1 1 1 ? -0 -3 

0 • 1 *08*F 

nl 

•14*0, 

0. *000*2.01 

• 20, 

1 §9ftO , 65 

1 5626, *3 

6,9523M»nu 

O.t  ***** 

M 

*1750, 

o. »ooo*f. 01 

27*. 

2na i 3.19 

1 9a07,*a 

6, 1 a6i 6k .03 

0,1  ***** 

n! 

•1*70, 

o,«oooo£-oi 

2*0. 

22663,76 

2^956 , i n 

o , 1 666  7k .0  3 

0. |7?8*F 

nl 

*2*10. 

0. *000*2. 01 

2*0. 

23575.22 

22699,3ft 

6,1  6667k .0  3 

0,|T4**F 

n 1 

*2**0, 

0, *00**2.01 

210. 

25929, u§ 

?a652,o5 

6, 190a6k .03 

O.1»l*0f 

n 1 

•?*«0, 

0.4000*2.01 

120, 

?9aM.ft9 

2*631 ,fti 

o ,5ono«.f  .n  s 

0,1 *4*  *F 

M 

*24*0, 

0,*00"»!-0l 

12". 

32267,5a 

36ft2l .31 

o.  333  3 Ik -03 

0.18*8*F 

nl 

*27*0, 

0.2000*2*01 

33656, a? 

32627.35 

6,2?2?>k-63 

COPY  AVAtLA! BLE  T(  ' 

PERMIT  FULLY  lEGIDLE  PBOKiCTI! 


F AT  I CUE  C»ACK  HMOPaUATION  OAT  A 


3P2C  NO 

120« 

LONG  GH*  IN 

HoON  810  TEST 

M>2Q  5 HZ 

PN»» 

ON  IN 

*0 

NO 

8 

01 

77*. 

3*.  0 

80730 

0. 

0,24*30 

?,soooo 

t 

N 

0228 

02CN 

*N*I 

02  L* 

0*0* 

0,*«7SoE 

00 

8000, 

0, *00002.01 

0**0, 

10008,0* 

10285,02 

0 ,ubOuSl-OS 

0.SS730E 

00 

14370, 

0, *00002*01 

5**0, 

11085,21 

1051 1,25 

o,7aa*oi-os 

0,727302 

00 

20330, 

0,400002*01 

81*0, 

11380,38 

107*9,23 

O.bU/ast-OS 

0,787102 

00 

289*0, 

0, *00002*01 

83*0, 

1171*, 13 

1 II2',80 

0't/b98(  -OS 

0,007302 

00 

32«*0, 

0.800002*01 

8000, 

12100.15 

1 1«»*.S® 

0 -os 

0,0*7302 

00 

37850. 

0, *00002*01 

*710, 

1252*, *1 

11*47,3* 

0 • H49?*l -OS 

0.00730E 

00 

*2100, 

0, *00002*01 

4530, 

12*05.12 

12335,0* 

o.aajoot-os 

0, *27302 

00 

*8230, 

0,400002*01 

4050, 

13*01,38 

12008, *3 

O,907uSt-O5 

0,**730E 

00 

»»850. 

0, *00002*01 

3*  3, 

1*012,75 

13311,23 

0,1  I6«6t -OU 

0,100732 

01 

525*0, 

0, *00002*01 

2**0, 

1*57*, 00 

138**, 00 

0,1 5*0*1 -OU 

0 6 1 0*732 

01 

53320, 

0, *00002*01 

2730, 

15104,20 

l*«2«,03 

0, tutsic -OU 

0.I087H 

01 

57*30, 

0,400002*01 

2810. 

15024,01 

15038,58 

0,iSi26b*0u 

0,112732 

01 

80100, 

0, *00002*01 

2250, 

18510,27 

158*1.31 

0 , 1 7776k-0u 

0.118731 

01 

82070, 

0,400002*01 

10*0. 

17257,70 

183*3.7* 

0.2116UE-0U 

0.1207JE 

01 

83*20, 

0,400002*01 

1350, 

10054, 8* 

17150.01 

0 ,2*6 10k -Ou 

0.12*732 

01 

8**50, 

0, *00002. 01 

1530. 

10*17.08 

17*70,77 

0,2*luut-0u 

0,120732 

01 

883*0, 

0,400002*01 

I«*0, 

1*050,41 

10084,23 

0,277781-0* 

0,132712 

01 

87*10, 

0, *00002.01 

1020, 

20000,3* 

1*0*2,85 

0,5921*1-0* 

0.1 387  32 

01 

8*370, 

0,400002*01 

«*0, 

22022,07 

20*20,33 

0,*l*o71-0u 

0,1*0712 

01 

8*2*0, 

0, *00002. 01 

070, 

23270,15 

22112,77 

0, *59771-0* 

0,1*4732 

01 

8***0, 

0. *00002*01 

750. 

2*873,3* 

23*30,1) 

0,S5555C*0« 

0,1*0732 

01 

707*0, 

0.400002*01 

750. 

28224,30 

2**18,10 

0.555551-0* 

0,132731 

01 

71250, 

0, *00002*01 

310. 

27*8*, 12 

28580,0* 

0,78*511-0* 

0, 1387  SC 

01 

718*0. 

0, *00002.01 

3*0. 

2**1»,30 

28421 ,44 

0,1025*1-05 

0.I8073C 

01 

71*70, 

0,400002*01 

330. 

32107,71 

30500,2* 

0, 121211  *03 

0.18*732 

01 

72000. 

0,400002*01 

30. 

3*585,13 

32034,80 

0,1 33311-0? 

0,180732 

01 

72510, 

0, *00002*0 1 

510. 

37325,81 

35*58, *8 

0,/6*i)t-0* 

0.17273C 

01 

72720. 

0,  *00002. 01 

210. 

*0*23,88 

303**, *1 

0,190461-03 

0.17873E 

01 

72070, 

0, *00002. 01 

150, 

«30*»,*7 

•1702,1* 

0,26**71-03 

0.10073C 

01 

72**0, 

0, *00002*01 

120, 

*77*8.05 

*5*03,21 

0,333331*03 

0,10*732 

01 

73050, 

0.400002.01 

*0, 

52154,03 

*♦5*3, 70 

0. ****71-03  3 

0.1887JE 

01 

73000, 

0, *00002. 01 

30. 

57028,** 

5*171,55 

0,131131-02 

0.1*2732 

01 

73110. 

0,400012.01 

30. 

82*54,77 

5*332,02 

0 , 1 333*1-02 

F AT lUUl  C**AkK  PHOPAUATIUN  DATA 
SPEC  NO  120S  LONU  UNA  J n HQON  SALT  TEST  F b Hi 


P"AK 

PH  IN 

to 

NO 

« 

8 

•97 

25,  0, 

•*«10 

o. 

0,25220 

2,50000 

8 

N 

1)21.8 

02LN 

KN*« 

022* 

040N 

0,800102 

00 

5810, 

0, *00002. 01 

5*10, 

8**1 .*3 

8*10,73 

0,713012.05 

0,720102 

00 

*88U  , 

0, *00002. 01 

*050, 

7173,** 

8012,0* 

0,407852.05 

0,780102 

oo 

132*0, 

0, *00002*01 

3*30, 

73*2,25 

7020, *1 

0,1101*2.0* 

0,000102 

00 

18*00, 

0,*00002.SI 

33*0, 

7834.23 

7252,12 

0,117**2-0* 

0,000102 

00 

1*000, 

0,400002.01 

2*00, 

7*04,23 

7508, •• 

0,1*8*72.0* 

0,000102 

oo 

21*20, 

0,*00002«0I 

21*0, 

01*5,2* 

7703.0* 

0,170**2.0* 

0, *20102 

oo 

23**0, 

0,400002.01 

2520, 

0500,83 

0000,** 

0,150712.0* 

251 


i 

f 

fcl 


I 


2ATIGU2  C*»CA  RRORAGATION  0»T4 
S*2C  Nl>  1120  LONC  GRAIN  »OOM  *19  TEST  r BE  0 5 »Z 


»a 

R«*!N 

AO 

NO 

* 

m 

>7*. 

5»,  0. 

*0**0 

o. 

0,25*20 

2.  SftftOO 

A 

N 

OELA 

OELN 

«“*» 

DEL* 

PAD* 

0.460600 

00 

SR10. 

n,«oooof»oi 

5*10, 

10*0*. OT 

10075, 0« 

ft,  t 0499f-0<i 

0,000600 

00 

SOTO. 

o,*ooooe>oi 

*2*0, 

108*0,** 

1 051 T, 1 5 

ft, 93*47?. ft5 

0.720600 

00 

122*0, 

o,*ooooe»oi 

» 1 TO  , 

U1S«,*5 

10*00,4* 

n.«30?3F.O3 

0.760600 

00 

1*52*. 

(1.40000E-01 

*0*0, 

1 !«**,** 

10*2*. 25 

P, 000300*03 

0.800001 

03 

1**50, 

0, *00002*01 

5*50, 

118T»,»* 

11285,1 1 

0,1  !Ol90.Ou 

0,060600 

00 

251*0, 

o.«oooo2»oi 

5210, 

122RT.0* 

1 1**1 .*5 

ft,l?46lF«fl6 

0,000000 

00 

25710. 

0,*00002«0l 

2550, 

l2T5fl.1T 

12111.85 

O,154A0F*ft4 

0, 910600 

00 

2*5*0, 

o,*ooooc»oi 

2*50. 

1525T.«5 

12575,20 

0,  lttOjSf.Ou 

0,900600 

00 

50**0, 

o.aooooE.oi 

22*0, 

1 5T*0 . 1 2 

150T1.2* 

0,1 7506F-04 

0.100800 

01 

52*10. 

O.oOOOOFaOt 

20T0, 

1 *5 l T . *5 

15600, *T 

0, 103?«0*oo 

o,io«060 

01 

5«TlO. 

0,*0000f.01 

1*00. 

1 «*1 1 ,«T 

1«!**,*5 

0,?22??F«O4 

0.108800 

01 

5*5*0, 

0, *00002. 0| 

1*50, 

155*5,15 

1 *T*ft , *4 

O.?10S00*Oa 

0.112000 

01 

5SOTO, 

O.ROOOOC.OI 

1550. 

1*222,5* 

15*10, *5 

0 p ?0 1 640-04 

0.110000 

01 

S*T20. 

0, *00002* 01 

1*50, 

1 *•*•, *5 

1*100,41 

0, 242420. Oa 

0,120800 

01 

*0*20, 

0, *00002. 01 

1200, 

1TT5S.05 

1*8*5, 2T 

0,333330.06 

0,128800 

01 

•1*10, 

0, *00002. 01 

*•0. 

1*581,8* 

1 T*5 1 ,5* 

o,uoaoaf»oa 

0.128000 

01 

•2*00, 

0, *00002. 01 

••0. 

1*50*, 88 

1*550,24 

0,80oo4tf  »0a 

0.132800 

01 

*5*50, 

0, *00002. 01 

♦50, 

20520.20 

14«42,8« 

0,8301 10*08 

0.130000 

01 

*«T50, 

0,000002.01 

• 00, 

21*5*, 5ft 

20555.lT 

0,464640.06 

0,180000 

01 

•55*0, 

0, *00002.01 

*10. 

228T1 ,** 

21 72*, *1 

0,803030-0 a 

0,188000 

01 

**2*0, 

0,*000OE.0l 

>20, 

2«2«*,T| 

25030,45 

ft,  533300-08 

0,180000 

01 

«*T*0, 

0,000002.01 

**0. 

25TT*, 1 2 

2**85, *8 

0,033330 -ft8 

0,132000 

01 

AT5I0, 

0, *00002.01 

5T0, 

2T***,T« 

2*112,60 

ft, 701730-08 

0,130000 

01 

ATS20 , 

0, *00002.01 

510, 

2**08,*T 

2T4J*,iO 

0,708310-08 

0.100000 

01 

•*tso. 

0, *00002. 01 

5*0. 

515*5,00 

24482,85 

0,111  110-03 

0,108000 

01 

*85*0 , 

0.  *00002.01 

5*0, 

55**2,0* 

522*0, 74 

0,1111 10-03 

0,100000 

01 

•*810, 

0,000002.01 

2T0, 

5*fc**,8T 

3***1 ,*0 

0,188130-03 

0,172000 

ot 

**050, 

0. *00002. 01 

2*0, 

5*T«8,55 

5TT5»,»1 

O,l0fr*7t-«O3 

0,170000 

01 

*•250, 

0,000012.01 

1*0, 

•5ITI.1I 

*100«, *1 

0 ,222230 -03 

0,100800 

01 

•••10, 

0, *00002.01 

180, 

•T005.80 

***52,53 

0.22222F-03 

0,108000 

01 

••500, 

0, *00002. 01 

*0. 

5 1 2»T, 1 5 

**72*. 02 

0,888881*03 

0,100000 

01 

•*5»0, 

O.aooooE.Ot 

*0. 

5*0*1. *5 

532*5,51 

O,00Ofc7t-ft3 

0,102000 

01 

**5*0, 

0,000002.01 

50. 

*1*5*. 5« 

5*5*3,52 

0.133330-02 

0,100000 

01 

••*20. 

0, *00002. 01 

50. 

*T5*2,0ft 

6*018,1* 

0 , l 3331F-O0 

7AT1GUE  C"*C*  RRORAGATION  OAT* 

SPEC  NO  1 121  LONG  GRAIN  RoO»  AIR  TEST  FHEQ  5 HZ 


P-4* 

RHIN 

AO 

NO 

8 

ft 

0?  1 • 

31. 

0, 

*0100 

0. 

0,2*430 

2,50000 

A 

H 

D2LA 

OELN 

AH  A X 

DEL* 

DADN 

0,k*100E 

00 

0080, 

0, *00002 

•01 

48*0, 

8585,84 

8157,30 

0,-06500*05 

O.fttlOOE 

00 

1 7030 1 

0, 400002 

•01 

8010, 

8786,05 

83*7,4* 

0,699300-05 

O.T2IOOE 

00 

28800, 

0. *00002 

•01 

6*30 , 

4022,25 

8571,88 

0,603320-05 

0, T*| OOE 

O0 

30080, 

0, *00002 

• 01 

*3*0, 

4242, 60 

8828,73 

0,6209  30*05 

0.80100E 

00 

37090, 

0, *00002 

•01 

7050, 

4545,42 

«l 16. *3 

0,567300-05 

0,8*1002 

00 

82100, 

0, *00002 

•01 

*500, 

442S.84 

4*33,25 

O,00009t-O5 

0,80  1 OOt 

oo 

80090, 

0, *00002 

• 01 

4500, 

10241.71 

4777,4* 

0,800090-05 

0.42100E 

00 

31000, 

0, *00002 

•01 

*710, 

10*82,40 

101*4, *2 

0,0-9260-05 

0,4*1 OOE 

00 

33870, 

0,«00002 

•01 

3870, 

11101,47 

105*7,78 

O,1O3360-O« 

O.IOOIOE 

01 

39010, 

0, *00002 

•ot 

35*0, 

115*4,5* 

10473,02 

0,113000-09 

0,10*102 

01 

02080, 

0, *00002 

•01 

3030, 

1202*. 57 

1 1*26,21 

0,132010-09 

0,108102 

01 

08780, 

0, *00002 

•01 

2700, 

12535,24 

11404,5* 

0,190150-09 

0.112102 

01 

0*180, 

0, *00002 

•ot 

2*00, 

13078,88 

12*2ft,00 

0,166670-09 

0,11*102 

01 

00100, 

0, *00002 

•01 

2220, 

13**1,73 

12*74,7* 

0,100160-09 

0,120102 

01 

71230, 

0,*00002 

•01 

1840. 

1*284,38 

1357*, 07 

0,211690-09 

0,12*102 

01 

72000, 

0,*00002 

•01 

1 7 1 0 , 

1 4**8 , *7 

1 “22 1 , *5 

0,233920-0- 

0,12*102 

01 

78320, 

0, *00002 

•01 

15*0, 

15708,02 

1**23,84 

0,256410-09 

0,152102 

01 

70020, 

0,400002 

•01 

1500, 

1*517,23 

15*42,71 

0,266670-06 

0,13*102 

01 

77800, 

0, *00002 

•01 

13*0, 

17*07,5* 

1*538, *0 

0,209050-04 

0,1*0102 

ot 

70800, 

0, *00002 

•01 

1080. 

18342,21 

17*74,0* 

0,370370-04 

0, l**10E 

01 

70320, 

0, *00002 

•01 

8*0, 

14*85,75 

18515,0* 

0,476190-04 

0,1*8102 

01 

00230, 

0,400002 

•01 

430, 

2070*, *3 

1**71,08 

0,430110-04 

0,152102 

01 

01000, 

0,400002 

•01 

810, 

220*7,2* 

20**5 , *7 

0,493030-04 

0,15*102 

01 

•1*30. 

0,400002 

•01 

*«0, 

2354*, 0* 

22* 1 * ,25 

0,579710-04 

0,1*0102 

01 

02300, 

0, *00002 

• 01 

*30, 

25307, 38 

2*0*4,07 

0,636920-06 

0,16*102 

01 

02000, 

0, *00002 

•01 

510, 

27230,70 

25*71,38 

0,704310-04 

0,1*8102 

01 

03200, 

0,400002 

•01 

340, 

24340,5* 

27*23, *3 

0,102560-03 

0,172102 

01 

03010, 

0,400002 

•01 

330, 

31*1», 30 

30228,0* 

0,121210-03 

0,17*102 

01 

03080, 

0,400002 

•01 

330, 

3*538,30 

52*1*, 18 

0,121210-03 

0,1*0102 

01 

08280, 

0, *00002 

•01 

300. 

37584,15 

35712.75 

0,133330-03 

0,1**102 

01 

08820, 

0,400002 

• 01 

180, 

*1003,10 

38*5*. 27 

0,222220-03 

0,188102 

01 

08380, 

0,400002 

•01 

120, 

*4*14,75 

*2582,34 

0,3 33330-03 

0,1*2102 

01 

•8000, 

0.000002 

• 01 

120, 

*4077,4* 

*6*28,03 

0,333330-03 

0, !•*! 02 

01 

08720, 

0,400012 

• 01 

*0, 

53820,00 

51133,57 

0,666600-03 

0,200102 

01 

08730, 

0,*0000t 

•01 

SO. 

54040.43 

5*1*1,17 

0,133330-02 

..  ^ 


MTXCUC  C'ACK  PROPAGATION  OATA 
•PIC  NO  1122  LONG  GRAIN  RQON  SALT  TEST  P § HZ 


W»« 

OMJN 

*0 

NO 

0 

N 

4*7 

• 

»,  0. 

71*20 

0. 

0,251*0 

2,50000 

t 

N 

oet* 

DEIN 

KM#« 

oil* 

0*DN 

t.TIUH  00 

2010, 

o,*ooooe«oi 

2*10, 

71*1,1* 

*071,0* 

0,1512*2.0* 

0, 000201  00 

«o«o. 

o,*ooooe«oi 

2200, 

7505,7* 

7204,17 

0.175442.04 

--  0.00020C  00 

oooo. 

0,400002.01 

1770, 

7052,00 

7*57,0* 

0.225**1.0* 

o.oootoe  oo 

0220, 

0, #00001.01 

1S«0, 

•1*1,1* 

7711.** 

0,251572.0* 

0,020200  oo 

**00, 

0, *00001. 01 

1*S0, 

•*52.51 

0027,54 

0,2*2422.0* 

0-|00020f--o0 

11*00, 

0,*0000(.01 

15*0, 

0705,02 

•1*1,00 

0,25**12.04 

0,100021  01 

12*00. 

0, *00002.01 

1S00, 

*1*1,** 

•*•1. •! 

0,2****2.0* 

0,100022  01 

1*110, 

0, *00002. ot 

1170, 

•520,7* 

•0*1,0* 

0,1«1002.0* 

0,100022-  ol 

122*0, 

0, *0**02.01 

1110. 

*♦25.2* 

0*20, 01 

0, 1*01*2. •« 

0,112022  01 

1*2*0, 

0, *00002.01 

1050, 

10157,70 

*•10,70 

0,500052.0* 

0,110022  01 

17220, 

0, *00002.01 

«*o. 

10021, *0 

10277,5* 

0, *1**72.04 

0,120022  ol 

ioooo. 

0, *00*12.01 

•to. 

11121. 7« 

10752.50 

0,**5t«E.0* 

0,120022  01 

io**o. 

0. *0*002.01 

*10, 

110*1. *1 

1 12**, 0* 

0, *5**22.04 

0,120022  Ol 

1*200, 

0, *00002.01 

•10, 

12*51,00 

11027,** 

0, *05012.0* 

— 2,112022  ot — 

2*070, 

0, *00002.01 

570. 

11100,5* 

12**1,5* 

0,701752.0* 

0,110022  01 

20070, 

0, *00002.01 

*00. 

11*12,77 

11117,07 

•.****72.0* 

0,100022  Ol 

21210, 

0, *00002.01 

s*o. 

1**00,07 

ISO**, 51 

0,7*07*2.0* 

2,100022  o* 

210*0, 

*,*00002.01 

1*0. 

15*77,0* 

!**••, 51 

0, 1*25*2.01  - 

0,100022  01 

21**0, 

0, *00002.01 

1*0, 

1**5*,02 

15*2*. 17 

0,1025*2.01 

0,102022  01 

22120, 

0, *00002.01 

110, 

175«k,0* 

1***4, 21 

0,121212.01 

— 0, 102022  -ol 

22020. 

0, *00002.01 

ISO. 

10771,0* 

17027,70 

0, 121212.0) 

0,100022  01 

22*2 0, 

0, *00002 >*1 

270. 

201**, 2* 

1*112,0* 

0, 1*0152.0) 

0,100022  01 

21110, 

0, *00002 *01 

210, 

21*00,00 

20500,70 

0,100*02.01 

0,100020  ,1 

21110, 

0, *0**01. 01 

100, 

21*21,01 

221*4 , 01 

0,222222.0) 

0,172022  01 

21200, 

0, *00002. 01 

270, 

251*0,10 

2*005, 00 

0,1*0152.01 

0,170022  01 

2*000, 

0, *00002*01 

•00, 

27552.02 

2*1**, 70 

0,0S5))2.0*  — 

0,102022  Ol 

2*«20, 

0, *00002 .01 

1*0, 

20000. 02 

20*00,0* 

0,1025*2.01 

0,100022  01 

2*070, 

0, *00002.01 

•20, 

12717,00 

110*0,10 

0,052502.0# 

0,100022  ol 

22200, 

0, *00002.01 

110, 

1570*. || 

11005,55 

0,121212.05 

ol 

^ w ■ • To»to  f I 

22*70, 

0, *000*2.01 

270, 

10200,21 

17210, 0* 

0, 1*0152.05 

0,1*0022  Ol 

22*20, 

0, *00002*01 

1*0. 

•100*, 07 

*00*1,50 

0,222222.01 

0,200022  01 

22010, 

0,400002.01 

1*0, 

*7227,7* 

•*•52,1* 

0,222222.01 

PATIGUE  CRACK  PROPAGATION  DATA 
SPEC  NO  l«9S  LONG  GRAIN  »00“  AIR  TEST  PREQ  S »I 


~ 

•Mix 

•MJN 

10 

NO 

0 

77*. 

1*.  0, 

*0720 

0. 

0,25*60 

2,50000 

— - 

t 

N 

DEL# 

D2LN 

<«u 

D2l« 

OiON 

0,**7202 

00 

#700  , 

0, *00002.01 

#7*0, 

105*1, *• 

10051,55 

0,0*3002.05 

0,00721)2 

00 

• ••0. 

0, #00002.01 

*200, 

1 003* , 1 0 

10**1,70 

0. *5*10*. 05 

0.727282 

00 

12*00, 

8, #00002.01 

1**0, 

11130,*! 

10571,66 

0,101012.0# 

8.7*7202 

00 

1»**0, 

0, #00002.01 

1**0, 

II***, 3k 

10**5.17 

0,100*52.0# 

0,007282 

00 

*0570, 

o,*oooor.oi 

3*80. 

1 tO*7,** 

11*54,17 

0.ll«*«f .6# 

0.0*7252 

oo 

25110, 

0, #00002.01 

2**0, 

122*2,62 

1 1 6#0 , 7 1 

0,13*052.0# 

0,007282 

00 

2*100, 

0, *00002. 01 

*7*0, 

12713,60 

1*077, *0 

0, 1*3372.0# 

0,027202 

oo 

* 0500, 

0, *00002.01 

2*00, 

1 31 **, #7 

1*510,66 

0,lkkk72.0# 

0,0*7*02 

oo 

10750, 

0. *00002.01 

2250, 

1171*. 7* 

13032,07 

0,1777*2.0# 

0,108722 

01 

527*0, 

0, #00002.01 

2010, 

1 #27#, 07 

13560,22 

0,l**fll*«04 

0. 10*7*2 

01 

5#*00, 

0. #00002.01 

1**0. 

1«6*6,67 

14122,3* 

0. *0*332.0# 

— 

0.1007*2 

01 

5**00, 

0.400002.01 

Koo, 

15#*7,0* 

1*7*2,00 

0,222*22.0# 

8.11*7*2 

01 

50070, 

0, *00002.01 

15*0, 

1*172,5* 

15162, *3 

0,251572.0# 

0,11*722 

01 

1*570, 

0, #00002.01 

1500, 

1*0*6,60 

1*050,70 

0,2**472*0# 

8.1*07*1 

01 

*0*20, 

0, #00002.01 

1350, 

17676,01 

1*7*1,05 

0.2*6102.0* 

0,12*722 

01 

•20*0, 

0, #00002.01 

1170. 

105*1,** 

17544,05 

0,341002.0# 

0,120722 

01 

•5200, 

0, *00002.01 

1110, 

1*442.51 

1*4**, 15 

0.3*0362.04 

” 

0,15*7*2 

01 

*•070. 

8, *00002.01 

• 70. 

*0450. 00 

1*4*7 , 0* 

0, #3*772.0# 

0,15*722 

01 

•***0, 

0, *00002.01 

• 70, 

*15*1,47 

20*0*. 03 

0, #5*772.0# 

0,1*07*2 

01 

•5010, 

0, #00002.01 

070, 

*27*0.** 

2I*4*,3S 

0. #3*772.0# 

8. 1*47*2 

01 

•*#70, 

0, #00002.01 

**0. 

2*156, Ok 

22*4*. 73 

0.60*0*2.0# 

0,1 #*7*2 

01 

•7100. 

0. *00002.01 

*30. 

*5670.43 

*•3*3,2* 

0,*S«*22.0* 

0.15*7*2 

01 

•7550, 

0, #00002*01 

•50. 

273*2, 6# 

2*011,77 

O.OOOMf  .0# 

— 

0,15*7*2 

01 

#00*0, 

0 , #00002*0 1 

5*0, 

*•**1.7* 

*7**5, *7 

0,7#07#2.0« 

0.1*0722 

01 

•0#*0, 

0, #00002.01 

130. 

11433,77 

2*0*0, 0* 

0,1*1*12.05 

0,1*47*2 

01 

«o**o. 

0, #00002. Ot 

*70. 

13*1*, 1* 

3*1«5,*7 

0 , 1 •• 1 32.0 1 

— 

0,1*0722 

01 

*•020. 

0. #00002.01 

330, 

165# 1,05 

3#7| t ,k* 

0,1*1*12.03 

0.17*7*2 

01 

•«*oo. 

0, #00002. 01 

100, 

3*573,6* 

375*2,4* 

0,2*2221.03 

0.17*7*2 

01 

•**»0, 

0. #00012.01 

*0. 

#2*7*, k* 

•0025,10 

0,«###32.03 

0,1007*2 

01 

••550, 

0,400002.01 

2*0, 

••#•0,10 

0, 1 ***72.03 

0.10*7*2 

01 

»*5»0, 

0, *00002.01 

10. 

51050,73 

•0501,55 

8,133332.0* 

0,1007** 

01 

4*5*0, 

0, #00002. 01 

10. 

5S**k,*I 

53031.75 

0,1313)1.0* 

COPY 


ULABLE  TO  DOC  r ' ' 

FOLLY  LEGIBLE  FdWuM» 


C 3 


PAT  I Gut  CRACK  PKOPaUATION  DATA 


SREC  NO 

<)• 

LONG  GRAIN 

ROOM  *1*  TEST 

FREG  5 HZ 

P**  1 1 

RNIN 

AO 

NO 

B 

M 

3*.  0, 

*0*10 

o, 

0,25520 

2,50000 

A 

N 

OELA 

OELN 

UMAX 

DECK 

DADN 

o,*o*ioe 

00 

«j*o. 

0,000001.01 

*380, 

105*7 ,0J 

10038,37 

0.9132AC-05 

0,6*8lOt 

00 

aazir. 

O.OOOOOE.Ol 

00*0, 

10821,7* 

10280,02 

0.90090E-05 

0,72*101 

00 

1 J2J0, 

O.OOOOOE.Ol 

0010, 

1111*, 88 

105*3,18 

0.90703E-0S 

0,7**10E 

00 

17010, 

O.OOOOOt-Ol 

3780. 

11*5*, 02 

10885,73 

0 , 1 0582l*0« 

0,80*101 

00 

20730, 

O.OOOOOE.Ol 

3720. 

11838,2* 

112*5,5* 

0.10753E-0A 

0,8**101 

00 

23*00, 

O.OOOOOE.Ol 

3210, 

12250,38 

11600,8* 

o,  i2«6ie-o« 

o.saoiot 

00 

27120. 

O.OOOOOE.Ol 

3180, 

1270*. 07 

120**, *k 

0,12579t-0« 

0,82*101 

00 

2*4*0, 

0.40000E.01 

2340, 

131*2.30 

12531,85 

0,l709«E-0« 

0,8**10t 

00 

32010, 

O.OOOOOE.Ol 

2550. 

13712,02 

1302*, 00 

O,15606E-O« 

0,100*11 

01 

jooao. 

O.OOOOOE.Ol 

2070, 

102*8,50 

13550,17 

0,l9J2ttfc-0« 

' O.I0081E 

OS 

3»0*ff, 

O.OOOOOE.Ol 

1**0, 

1***0, *0 

1011*,** 

0.20202E-04 

O.IO**!! 

01 

jaioo. 

O.OOOOOE.Ol 

20*0, 

15**2,37 

1*716,77 

0,  l9606E-0<* 

0,tl2*lE 

01 

3*750, 

o,*ooooe.oi 

1*50, 

1*1*7,73 

15358,32 

0,2«2a2E*0a 

0,ll**lE 

01 

— «iii<r. 

O.OOOOOE.Ol 

15*0, ~ 

~ 1*8*2,55 

16006,85 

0,25AAlE-0a 

0,120*|E 

01 

02*00, 

O.OOOOOE.Ol 

1170, 

17*73,** 

1*78*,** 

O,3ai08E-O« 

0,12**lE 

01 

*35*0, 

O.OOOOOE.Ol 

1080, 

1*520,18 

175*2,** 

0.37037E-0A 

~ 0,12**11 

01“ 

**700, 

0,*0000t«01 

1 188.- 

1*0*2,03 

18064,07 

0#350e8E-0« 

0,132*11 

01 

*5750, 

O.OOOOOE.Ol 

1050. 

20053,05 

1*02*. 10 

0,38095E-0« 

0.13**11 

01 

***ao. 

o.aooooE.ot 

*30. 

215**, 18 

20*8*, 51 

0,u301 lt«0« 

O,100*lt 

01" 

*7*30, 

O.OOOOOE.Ol 

■750. 

227*8,1* 

21*5*, 80 

0.53331E-00 

0, 10**11 

01 

»*0«0, 

O.OOOOOE.Ol 

**0, 

2*1*7, *0 

22*57,73 

0v60*0*E»0a 

o.io**ie 

01 

00700, 

O.OOOOlE.Ol 

**0, 

25**5,31 

20408, *2 

0.57972E-0A 

— ovtS2*it 

01 

-**200,- 

- O.OOOOOE.Ol 

• 20, 

27*037*3 

2*031,40 

0,95238E-0fl 

O • 156* IE 

01 

0**20, 

O.OOOOOE.Ol 

020, 

2*318,7* 

27850,46 

O,9S230E-Oa 

0.1*0*lE 

01 

•**80. 

O.OOOOOE.Ol 

3*0. 

31**7,50 

2*8*2,13 

0, 1111 16.-03 

0,1*0811 

01 

50250, 

O.OOOOOE.Ol 

2T0,  - 

-33880, *3 

32180,73 

0,ia81SE*03 

*,I08*U 

01 

5o«*a, 

O.OOOOOE.Ol 

210, 

3*5*1,35 

3475*,** 

0, 190U8E-03 

0.172*|E 

01 

50**0, 

O.OOOOOE.Ol 

1*0, 

3**33,80 

376*4,5* 

0.22222E-03 

“ 0.17**11 

ot 

507*0, 

O.OOOOOE.Ol 

- 1*0, 

*30*7, *5 

•08*2,3* 

Ot2»6*7E*03 

0.180*11 

01 

508*0, 

O.OOOOOE.Ol 

*0. 

0**72,00 

•0525,0* 

0,4A««flE-03 

o,ia«*iE 

01 

50*10. 

O.OOOOOE.Ol 

30. 

51152,20 

•8341,30 

0.13333E-02 

o,i*a*u 

01 

50**0, 

O.OOOOOE.Ol 

30, 

53*30,80 

53130,51 

0.13333E-02 

o,i*2*ie 

01 

50*70, 

O.OOOOOE.Ol 

30. 

*12*8,3* 

58201,08 

0.13333E-02 

e.i**8|E 

01 

51000, 

O.OOOOOE.Ol 

30. 

*720*,]* 

*3*01, *0 

0.13333E-02 

PATICUI  CRACK  PROPAGATION  DaTa 
SPfC  NO  1 AST  lqNQ  DRAIN  800*  SALT  TEST  f 5 HZ 


pt*ix 

RMIN 

•0 

NO 

* 

* 

•97 

*5,  0, 

*0800 

0. 

0,25300 

2,30000 

A 

- 

OELA 

OELN 

UMAX 

OELK 

040N 

0,»*880E  00 

*050. 

O.OOOOOE.Ol 

*0*0, 

***2,83 

**11,71 

0.02328E.05 

0.72880C  00 

13300, 

O.OOOOOE.Ol 

3*50, 

7150,58 

*780,71 

0, *837*1.05 

o,7**oot  oo — 

1*170, 

0,000001.01 

3*70, 

7372,83 

7002,0* 

0,1033*1.00 

0 , 80880E  00 

22*00, 

O.OOOOOE.Ol 

3*30, 

7*10,31 

7233,00 

0,1101*1.00 

0.8O880E  00 

23*10. 

O.OOOOOE.Ol 

2*20, 

7080,13 

7087,35 

0, 1OI8OE.0O 

- 0,888000  00 

2*0*0, 

O.OOOOOE.Ol 

10*0, 

8170, .1 

77*3,01 

0, 1*2*01.00 

0.42880E  00 

30|10, 

0,000001.01 

10*0, 

*0*7,3* 

80*0,07 

0.I4608E.0O 

0,4*8801  00 

32100, 

O.OOOOOE.Ol 

1**0, 

8*22,2* 

8378,50 

0,202021.00 

0, 10088C  ot- 

33*30, 

O.OOOOOt.Ol 

1*30, 

8178, »• 

*717,88 

0,210381. 00 

0,10*88*  01 

33*00, 

O.OOOOlE.Ol 

1*70, 

*3*0,57 

*078, *7 

0,2721  IE. 00 

0.10888E  01 

3*750, 

0,400001.01 

1350. 

****,87 

*0*3,53 

0,28*301.00 

- 8,tt*88«-0E 

3*070, 

O.OOOOOE.Ol 

1320, 

10001,31 

*878.11 

0,303031.00 

0,11*88*  01 

3*330, 

0,400001.01 

11*0, 

108*7, 08 

10320,84 

0,31 74*E.0O 

0,120*8*  01 

•02*0, 

O.OOOOOt.Ol 

8*0, 

113*8,8* 

10787,8* 

0,01**71.00 

0, 1*0*8*  Ot 

•1100, 

O.OOOOOt.Ol 

*10, 

ll«tO,30 

11315,00 

0,0838 JE.OO 

0,11*88*  01 

*1*00, 

0,000001.81 

*•0. 

12307,03 

11878,32 

0,07*1*1.00 

0,131*8*  01 

*2**0, 

O.OOOOOE.Ol 

750. 

13137,30 

120*5,** 

0.53333E.0O 

— 0,1»*80f-0t 

•3100. 

0,00000**01 

310, 

13*73,1* 

13175,33 

0.78431E.08 

0,100*8*  01 

•3*00, 

O.OOOOOE.Ol 

*00, 

1***3, 08 

13*27,80 

0,k***7E>0O 

O,l*0**c  01 

4*310. 

O.OOOOOE.Ol 

510, 

1530*. 0* 

107*0,11 

0.78031E.04 

0,10*88*  01 

0*7*0, 

O.OOOOOE.Ol 

450, 

1*328,15 

IS***, 8* 

0.88888E.04 

0, 1S148E  01 

•30*0, 

O.OOOOOt.Ol 

330. 

17*2*.** 

1*700,05 

0.12121E.03 

0,15*88*  01 

•3*20, 

O.OOOOOt.Ol 

330. 

1**38.32 

17808,73 

0 , 12121 E.O  3 

7,1*080*  « 

•5**0, 

O.OOOOOt.Ol 

170, 

2023*,** 

t***l ,78 

0,10*151.03 

0,1*0***  01 

0*030, 

O.OOOOOE.Ol 

3*0. 

*17*1.33 

20*85,3* 

0,111111*03 

0,1*8***  01 

0*2*0, 

O.OOOOOE.Ol 

2*0. 

*3334.23 

22330,40 

0,1**671.03 

--0,1 7**8* -01 

0*500, 

0,00000**01 

*10, 

23480, *7 

2*208, 4* 

0,17*88*  01 

0**50, 

O.OOOOOE.Ol 

ISO, 

27*83.32 

2*2*2,81 

0,2*k*7E.03 

0,1*0***  01 

0*830, 

O.OOOOOE.Ol 

1*0, 

30140,33 

28*28,2* 

0.22222E.03 

— #1 !••••€  81 

0*880, 

0,080001.01 

ISO. 

328*7.21 

312*1,45 

0,2***7E.*3 

0, 1***8*  01 

•7070, 

O.OOOOOt.Ol 

*0. 

35*72.00 

341*2,5* 

0,044001.03 

0,1*1***  01 

*71*0, 

O.OOOOOE.Ol 

*0. 

3*001.8* 

37420,02 

0.00400E.03 

4,18*88*  01 

•7218, 

O.OOOOOE.Ol 

*♦. 

•3218,81 

41045,81 

0.57871E-03 

0,108*8*  01 

• Ml  0, 

O.OOOOOE.Ol 

47  *|, 

•70*1,78 

45073,37 

0,083*31.03 

LF.  T!)  COG 


uU  l iW.t 


254 


F At  I GuE  r»»CF  PRPPaSATION  oata 


SPEC  no 

ITOI 

Tra"**  GRAIN 

ROOM  AIR 

TF.ST 

f 5 HZ 

PM„ 

PM  I N 

AO 

NO 

B 

M 

5*5. 

2*. 

0,44*10 

0. 

0,25170 

2,50000 

A 

H 

D(LA 

OEIN 

KMAX 

DEL* 

OADN 

0,6883o6 

00 

7140, 

0,4000s* 

.01 

71*0, 

•170, *1 

77*5, *0 

0,560226*05 

0,728306 

00 

12880, 

0,40000* 

■01 

5050, 

*145,1* 

7474,00 

0,683766*05 

o,7tsm 

00 

18890, 

0,4000s* 

•01 

*000, 

**51 ,07 

*222,22 

0,666676-05 

0,8083oe 

oo 

24680, 

0,40000* 

•01 

5700, 

841k, 4* 

6441,6* 

O*70t75E«05 

0,848306 

00 

28640, 

0,40000* 

• 01 

*450. 

4250,41 

*741, 85 

0, 606066*05 

O.MI30E 

00 

35220, 

0,40000* 

• 01 

55*0, 

4541,12 

»HS,*7 

0,71665E*OS 

0,92130c 

00 

40470, 

0.40000* 

•01 

5250, 

4457,44 

44*4,10 

0,761916.05 

0.94I30C 

oo 

43200, 

0,40000* 

•01 

2710, 

10150.4* 

4*17,57 

0,146526-04 

0,100856 

01 

46620, 

0,40000* 

•Ol 

1420, 

107*4,7* 

10215,41 

0,116966*06 

0.104836 

01 

49530, 

0,40000* 

• 01 

2*10. 

11216.51 

10**0.51 

0,137466-04 

0, 108836 

01 

51780, 

0,40000* 

• 01 

2250, 

11*41,1* 

11111,44 

0,17778E*0« 

0,112856 

0! 

54330, 

0,40000* 

•01 

2550, 

12202,** 

11547,7* 

0,156866*06 

o.ttoasc 

ot 

56640, 

0,40000 * 

• 01 

2110, 

127*4,1* 

12117,2* 

0,1 73166*06 

o, 12083c 

ol 

58650, 

0,40000* 

•ot 

2010, 

111!*, 45 

12*77.24 

0,199006*06 

0, 12<*8  JC 

01 

80080, 

0,40000* 

• 01 

1*10, 

1147*, •• 

112*4,02 

0,283696*06 

0,128836 

ol 

61880, 

0,40000* 

•01 

1*20, 

1**72,11 

134*5,00 

0,266916*06 

0.13283E 

ol 

63030, 

0,40001* 

• 01 

1150, 

15414,24 

14**4,10 

0,296306*06 

0,1 348 SE 

ol 

64050, 

0,40000* 

•01 

1020, 

1*271,4* 

154*6,74 

0,392166*06 

0,140836 

ol 

65070, 

0,40000* 

■Ol 

1020, 

17202,24 

1*344,55 

0,36216C*04 

0,144836 

ol 

65970, 

0,40000* 

• 01 

400, 

1*214,54 

17310,** 

0,444466*04 

0, 1 48836 

Ol 

66900, 

0,40000* 

•01 

410, 

141*5,42 

1**24,41 

0,430116*04 

0,152836 

01 

67440, 

0.40000E 

•01 

540, 

20*71,47 

14*«t, *5 

0,740746*04 

o.isfcsn 

ol 

68070, 

0,40000* 

•01 

*10, 

22117,01 

21020,41 

0,634926.04 

«,|A08jf 

ot 

68460, 

0,40000* 

•01 

1*0. 

2171*, 54 

22554.41 

0,102566*03 

0,184836 

ol 

68820, 

0,40000* 

•Ol 

1*0, 

25555,12 

2*2**, *4 

0,111116*03 

0,188836 

Ol 

69090, 

0,40000* 

•01 

270. 

27547,77 

2*224,70 

0,148156*03 

0,1 TJiSC 

ol 

69H0, 

0,40000* 

•ot 

210. 

24*40,70 

2**0*. 44 

0,1 9066E.03 

0,176836 

ol 

694^0, 

0,40000* 

•01 

120, 

124*1,48 

10*54,21 

0,333336*03 

0.18083C 

ol 

69540, 

0,40000* 

.01 

120, 

151*4,1* 

13544,20 

0,333336*03 

0,184836 

ol 

69600, 

0,40000* 

•01 

*«. 

1*572, »» 

1***0, 71 

0,666676*03 

0, I8883C 

Oi 

69690, 

o.aoooo* 

.01 

40. 

*2177,4* 

*006*, *5 

0,444646*03 

0, 182836 

ol 

68720, 

0,40000* 

•01 

10, 

4*147,57 

*1*07,47 

0,133336*02 

faticuc  eH»c«  propagation  data 
»p*e  no  ito2  t»»ns  sR»iN  room  s»lt  teit  f 5 mi 


»MtX 

•*7, 


o,*a**oc  00 
o,7a**o*  00 
*,7**ao(  so 
o,to**o*  00 

t,(«»«0(  00 


o,****o*  «a 
00 

o,too**t  01 

ot 

o,io»**t  01 

• SI 

0,120***  si 
- •, l*t*«(  si 
«,i2**ac  si 
M)u>r  si 



o,i«o*a*  si 
o,i«s»rC  si 

si 

o,152*a(  si 
«,15»*4(  si 


*7*0, 

11*10, 

t«45o, 
2***0, 
117*0, 
n»  79, 
*0170, 
«1«|0, 
«*«!», 
**5l0, 
10*00, 
HIM, 
SUM, 
5*750, 
55*00, 
5**20, 
57570, 


RMIN 

21. 

OEIA 

O.VOOSOE 

0,40000* 

o.aoooo* 

0,40000* 
0,40000* 
-0,40000* 
0.40000* 
0,«0000* 
S , *0000* 
0,40000* 

o.aoooo* 
0 ,400006 
0,40000* 

o.aoooo* 

o.toooo* 

0,40000* 

0,40000* 


*0 

0,64640 


NO 

0, 


s 

0,25050 


2,50000 


5***0, 

5*1*0, 

5*7*0, 

*0270, 

*0*10, 


0,40000* 

0,40000* 

0,40006* 

0,40066* 

0,40060* 


— »r 648641 
0, 1***4* 



ol 

— **Wr- 
*1200, 

o,*oooi*-oi 

100, 

270, 

-0*12*,  *7- 
205*7,25 

1*1**,** 

14571,11 

0, 1***4* 

Ol 

*1*70, 

0,40000**01 

270, 

22224,54 

*1114,77 

— 0, |72*4( 

ol 

*1*50, 

0,40000*. 01 

100, 

2*071,12 

22**7,70 

0, 17**4* 

ol 

*1*10, 

0,400002*01 

1*0, 

2*142,1* 

24*54, *5 

*,1*0*4* 

Ol 

*1*50, 

0.40000**01 

120. 

2*4*0.57 

2705*. »• 

QtlM4H  ft 

- *2940, -9.4000o2.01 

•0, 

ItOStrU 2*5*5,10 

0,1*044* 

ol 

42110, 

0,40000*«01 

♦0, 

11451,77 

122*1,54 

*,142*4* 

0» 

621*0, 

0,40000**01 

80, 

171*7,5* 

15154,0* 

— *,l*»*4( 

ol 

*2220, 

o.aooooc.oi 

10. 

407**, 40 

1*774,5* 

OEIN 

*7*0, 

7050, 

*120, 

*5*0, 

5250, 

*210, 

*200, 

12*0, 

1000, 

2100, 

1**0, 

1*50, 

1500, 

1206, 

1050, 

1020, 

75*. 

**0, 

*1*. 

4*0, 

*50, 

*•*, 


OfLN- OAO* 

*272, *5  0,5***7*.05 

*4*4,1*  0,S*71**«0S 

**!«,**  0 , *515«C»05 

*•5* ,44  0,*1 142E.05 

70*0,5*  0,7*I*1C«0S 

-715*,50 0,****H>05 

7*40,50  0, *521SE>05 

7*41,4*  0,12!**E»0* 

•2*2,**  0,11111(40* 

•*05,02  0, 1*040*404 

**70,21  0,211*4(404 

4*45,44 *1*0  ,55 4,  24242(405  - 

102*5. *0  *770.12  0,2**47*404 

10210,** 

1071*,** 

11251,71 
11*14, *0 


MMX 
*5*7, *0 
*770, 1* 
*4*1.04 
7211,71 
74*6,27 
77*0,71 
•01*. 2* 
•152,** 
•**0,k* 
*050,77 
«4l4,*0 


107*0, *0 
11274,** 
11*14,5* 
12447, *7 


HUM* 12*76,  *4  - 


11*70,17 
14700,71 
15*24,41 
1***2, 1* 
17*22,5* 


111*7,25 
11*7*, 72 
14*5*, *1 
15*41,57 
1**44, *1 


0,11111*404 
0,1*0*5*4*4 
0,1*21**404 
0,51111*404 
-9,*9***<>04 
0, *14*2*40* 
0, *1131*404 
0,***««*40* 
0, *1111*404 
0,11111(401 
0,6111  II  4*2 
0,1**15(401 
0,14*15(401 
0,22222(4*1 
0,22222*401 
0.11111*401 
- 0 ,44444*401 
0,4**44(401 
0, ****7(401 
0,11111(402 
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FATIGUE  C»»CK  PROPAGATION  DATA 

SPEC  NO  180* 

LONG  GRAIN 

room  ai«  rest 

MEG  5 m2 

P«AX 

AO 

NO 

8 

* 

774. 

31.  _ 

0 

«0««0 

0, 

0,251*0 

2,50000 

A 

N 

OC  L A 

OElN 

UMAX 

OElK 

OADN 

0,*1110E 

00 

1780, 

0.40000C 

•01 

1780, 

10178,51 

10111,91 

0,105822 

• 04 

" 0, *81102 

00 

8220, 

o.aooooe 

• 01 

1110  , 

10930,91 

10181,19 

0,900*02 

-05 

0,72**02 

00 

11250, 

0,400006 

• 01 

1010, 

11227,81 

101*5.71 

0,112012 

-04 

0 , 7*1102 

00 

14820, 

0,400006 

• 01 

1570, 

115*7,02 

10*87,91 

0,112012 

• 04 

O.sonoe 

00 

17840, 

* 0,400006 

• 01 

2880, 

11911,25 

1 1 1*8, 18 

0,151522 

• 04 

0,811102 

00 

20100, 

0,400006 

•01 

2810, 

12181,17 

117*1, Si 

0,151522 

• 04 

0,881102 

00 

22480, 

0,400006 

.01 

2580, 

12811,89 

12175,21 

0,1550*2 

-04 

8,9i**oE 

00 

24410, 

0,400006 

•01 

1«50, 

11105,17 

12119,15 

0,205112 

• 04 

o,9*i*o2 

00 

24520, 

0,400006 

• 01 

1890, 

11828,7* 

11118,17 

0,211112 

• 04 

0,1001*2 

01 

28440, 

0,400006 

•01 

1920. 

1*187,18 

111*7,10 

0,208112 

-04 

0,101412 

01 

Torjoy 

0,400006 

•01 

1590, 

18982,81 

18212.7* 

0,251572 

• 04 

0,108111 

01 

11740, 

0,400006 

• 01 

1710, 

15*17.91 

1*811,05 

0,211922 

-04 

O.tlillE 

01 

11010, 

0,400006 

• 01 

1290, 

112*1,19 

15*80,82 

0,110082 

-04 

■'  O.lUllE 

01 

14U0, 

0,400006 

• 01 

(110, 

17021,77 

11172,15 

0,110112 

• 04 

0. I2011E 

01 

15220, 

0,400006 

• 01 

1080, 

17809,01 

l*« 1 7 , 11 

0,170172 

-04 

0,124**2 

01 

14180, 

0,400006 

•01 

*80, 

18*58.29 

17721.19 

0.11117E 

-04 

—9,1281*2 

01 

— ruio. 

0,400006 

•01 

•Jo.  1 9583,00 

18802,81 

0,810112 

-04 

0,112442 

01 

17980, 

0,400006 

•01 

870, 

205*5,55 

195*1,17 

0,159772 

• 04 

0, 13**12 

01 

18740, 

0,400006 

•01 

810, 

21710,10 

20121,81 

0,1*1812 

• 04 

0,140442 

01 

19480, 

0,400006 

• 01 

890, 

22*11,11 

21798,80 

0,579712 

• 04 

0,144442 

01 

40050, 

0,400006 

• 01 

570. 

2*111,12 

21098,21 

0,701752 

• 04 

0,148442 

01 

40420, 

0,400006 

• 01 

570, 

25810,11 

2*511,99 

0,701752 

• 04 

— 0,132442 

01 

41140, 

0,400006 

• 01 

S7(T, 

' 27519,25 

28170,04 

0,701752 

• 04 

0,154442 

01 

41550. 

0,400006 

•01 

180, 

2*1*1,18 

27*88,15 

0,111112 

•03 

0,140442 

01 

41470, 

0,400006 

•01 

120, 

11*10,79 

10028,25 

0,952182 

• 04 

— 0,144442 

01 

42100, 

0,400006 

•01 

110, 

11022,88 

12119,55 

0,121212 

-03 

0,148442 

01 

42490, 

0,400006 

• 01 

1*0, 

18710,82 

118*1,75 

0,102512 

• 03 

0,172442 

01 

42900, 

0,400006 

• 01 

210, 

1*771,97 

17780,85 

0,1*0182 

• 03 

— 0,174442 

or 

41080, 

0,400006 

• 01 

T80T 

IJIM.2T 

•1022,28 

0,222222 

•03  — 

0,180442 

01 

41240, 

0,400016 

• 01 

210, 

•7007,11 

11151,21 

0,1*0182 

-03 

0,184442 

01 

41440, 

0,400006 

•01 

150. 

51287,52 

18719,88 

0,211172 

• 03 

- 0,188442 

01 

-11540, 

0,400006 

•01 

150. 

58070,22 

51211,15 

0,211172 

• 03 

Fatigue  Ci*d  prjugititn  oat. 

SPEC  Nn 

1405 

long  . 

*00"  s*c / T€SZ 

f 5 "Z 

9*kt 

AO 

NO 

r< 

6 

44  7, 

25.  0, 

44560 

0, 

0,25260 

2,50000 

A 

u 

• 'f  14 

Otl* 

CfcUK 

r ao 

0 , 185802 

00 

-450, 

0,400006-01 

4**0, 

4440. / 1 

66 | 0,50 

0,80321 t -05 

0,725802 

OP 

M«0, 

l»  ,400006  «0  1 

3340, 

'150,5/ 

6/90.04 

0 . 1 l *0  5f —00 

0,715802 

00 

1 1140. 

P,ttuPQ06*01 

2*2rt. 

7367,31 

4496,73 

0,  1 41  put-00 

0,805802 

00 

1 3650. 

t',4oP0o€-0  1 

244li, 

7fcU*. 46 

7226.Z& 

0, 1 •(•! 

0,815802 

00 

15430, 

0 ,aonoo£-Ol 

22*0. 

Za/5.4* 

7*79,53 

0 , 1 75  — 0! -00 

0,885802 

00 

i 7*20, 

(•,40000t»01 

1440, 

«14U,4h 

7/54,2? 

0,21  1 f. -!  -60 

0, *25*02 

00 

1**00, 

r,40onnt«01 

1*60, 

44/6,61 

0050,2* 

0 ,20202!  • <»- 

0, *15802 

00 

21 340, 

i*,40 

1540, 

4410,34 

* 3e  7 , 1 7 

0,2560  1 ! •(•- 

0.100582 

01 

22*00. 

0 ,iiO0on**-<Jl 

1 4 0 0 , 

•M66.55 

- 705.06 

0,2 7770fc«< - 

0,101582 

0! 

2-2-0. 

0,400006-01 

1 -40  , 

4546,2« 

4-66,06 

0,277/ef -00 

0,108582 

01 

25500 , 

o,4onorf «oi 

1240, 

4051,1/ 

‘*050, 4? 

0,31706^-00 

0,112552 

01 

244/0, 

n , aoOOOt-P 1 

11/0, 

10  344,&9 

4*41 , 77 

O,3-10*!-O- 

0, 1 l»58t 

01 

2/5*0, 

0, -00001-0  l 

070, 

10046,51 

10302,52 

0,-5977! -0- 

0,120582 

01 

2*540 , 

r ,4000*1 -oi 

1020, 

Ul«*,9C 

10777,45 

C,  192lot-0w 

0,1215*2 

01 

2*340, 

u,au00Ot»ui 

Zfco. 

1 1 

1 1242,5b 

C ,51  p*42f-  -00 

0,128582 

01 

2**40, 

O,4Otio0fc-OI 

4 (>0, 

1 24»c, 07 

1 1 053.0/ 

0 , 6606  7b «f - 

0,112582 

01 

30440, 

0,400006-0 1 

750, 

1312/. 14 

12066,40 

0,53333!-0a 

0,li*S8t 

01 

31240, 

0,400006-0 l 

4()  0, 

lie  36, zo 

1 11-2.60 

C ,666671  -r  u 

0,110582 

01 

11400, 

0,400006-41 

SIC, 

146 24,26 

1 3490,5a 

0.  70-31! -0- 

0,1*1582 

01 

322*0 , 

0,400006-01 

44-J, 

15501,15 

14/21 ,43 

0 , * 3 3 33f -0- 

0,1*8582 

01 

32/30, 

0,UQO0Ct-O) 

450  , 

160/6,50 

1N6U7.75 

C,M06A0! • < « 

0,152582 

01 

31150, 

0,ayoo0t-0l 

420, 

1 / 5 6 7 , C S 

1 6000 , 1 / 

0,4S236!«O- 

0,15*582 

01 

33510, 

0,400006-01 

340, 

14/40,20 

) 76-5,04 

0,  1 11  M‘  -0  3 

0,110582 

01 

33/20, 

0,400006-01 

210. 

2-162,-1 

141-0,22 

0, 1 4 --t«C 3 

0,11*5*2 

01 

34050, 

0,400006-01 

330, 

21  7o  1,24 

20**\  1 ,55 

0 , 1 21 2 1 1 -0  ♦ 

0, 118582 

01 

34320, 

0,400006-01 

2/P, 

23- 33,2/ 

222*90 . 56 

0 , 1 44  1 51  •«>  3 

0,17258k 

01 

34530, 

0,400006-01 

210, 

25  3^5, 7 9 

-9,  J7 

' , 1 4 8.6!  - 1 

0,1 1*582 

01 

34  7-0, 

0,400016-01 

210, 

2'555,24 

2*1*4,22 

0,  1 4r,0*t  .6  \ 

0,180582 

01 

34440, 

0,400006-01 

120, 

*9996  # • 0 

0.  333331  -03 

0,18*582 

01 

3501'), 

0,400006-01 

150. 

32/31. 

31  PAS. 06 

0 ,2666  77 -u  3 

0 , 1 885*t 

01 

35140, 

0,400006-01 

150, 

35706,53 

3 3966,0  3 

0 ,2666/»  -0  3 

0,1*2582 

01 

35200, 

1,00006-01 

l2o. 

34143.60 

♦7222,21 

0.  J3  3 3 3t-0 3 

0, I9»58t 

01 

35a  10, 

0,400006-01 

123. 

0244 r,59 

40025.2  ' 

0, 33  33  31  -13 

0,200582 

01 

35440 , 

0,400006-01 

40, 

•724 3, 77 

40024. 3» 

0 , 6666  ?! —0  3 
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APPENDIX  E 


CALCULATION  OF  POTENTIAL  WEIGHT  SAVINGS 
IN  THE  YUH-61A  HORIZONTAL-STABILIZER  SPAR  FITTING 


► 


11 

' 


The  fatigue  life  of  a helicopter  component  is  based  on  a design-allowable  fatigue-endurance 
limit  which  must  be  used  to  account  for  variables  other  than  basic  material  properties  affecting 
the  fatigue  performance  of  helicopter  components. 

The  design-allowable  fatigue-endurance  limit  for  helicopter  components  is  established  by  re- 
ducing the  mean-endurance  limit  of  material-coupon  data  to  account  for  component-coupon 
size  effects  and  to  accommodate  the  statistical  probabilities  of  component  failure. 

Results  of  the  Task  III  material-coupon  tests  indicate  that  7475-TMT1  has  a higher  mean- 
endurance  limit  than  7075-T73  has  for  the  design  conditions  which  apply  to  the  horizontal 
stabilizer.  The  corresponding  design-allowable  fatigue-endurance  limit  for  each  material  is 
determined  as  follows: 


Mean-Endurance-Limit  Coupon  Data 
Stress  Ratio,  R = 0.05 
6.7-Inch  Forging 
Longitudinal  Properties 

(Mean-3a),  13% 

Coefficient  of  Variation 

Reduction  for 
Size  Effect,  f M-3q ) 

\ 1.95  / 


7075-T73 
20,000  psi 

13,169  psi 
6,753  psi 


7475-TMT1 
2 1 ,000  psi 

13,829  psi 
7,092  psi 


An  adjustment  is  necessary  for  stress  ratio,  R.  To  estimate  the  allowable  at  R = 0.52,  the 
Goodman  diagram  for  2-inch  forgings.  Figure  1 10,  is  used. 


Design  Allowable  r = o 52 
Design  Allowable  r = q 05 


Endurance  Limit  @5  x 107  cycles  (R  = 0.52) 
Endurance  Limit  @ 5 x 107  cycles  (R  = 0.05) 


Design  Allowable  r i q 5"1 


14,700 

23,000 


Allowable 


R = 0.05  " 


0.64  Design  Allowable  r i q 05 


design-allowable 

FATIGUE-ENDURANCE  LIMIT 


7075-T73 
4.322  psi 


Adjustment  for  Stress 
Concentration  Factor,  Kt  = 3.5 

Design  Allowable 
Kt 


1,235  psi 


7475-TMT1 
4,533  psi 


1,295  psi 


7475-TMT1  alloy  demonstrates  a design  allowable  which  is  5 percent  higher  than  the  design 
allowable  for  7075-T73. 


A 5-percent  increase  in  allowable  stress  translates  into  a 5-percent  weight  reduction: 


Stress  = 


Load 

Area 


and 

Weight/unit  length  = (volume/unit  length)  x material  density 


= (area  x 1)  x p. 

Given  the  same  load,  an  allowable  stress  of  1,235  psi  generates  a requirement  for  an  area, 

A=  Allowable  = jj35  psi  = 1-263  in'2  and  an  allowable  stress  of  1,295  psi  generates  a 

requirement  for  an  area,  A = 1^60  lb  _ j jn  2 

1,295  psi 


The  weight  relationship  is  then 


Weight7Q75-T73  ~ (Area7075-T73  x D x P 
Weight7475-TMTi  = (Area7475-TMT  1 x >>XP 


Weight 7475_tmt  1 ~ Wei8ht7075-T73  Area7475-TMT  1 

Area7075-T73 


= Weight7075.T73 


- Weight7Q75-T73  =(0.95) 


or.  conversely,  a 5-percent  weight  reduction. 
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APPENDIX  F 


i 

| 


PREDICTED  WEIGHT  SAVINGS  IN  THE  YUH-61A  ANTITORQUE- 
ROTOR  COLLECTIVE-PITCH  SLIDER  SIZED  TO  DAMAGE  TOLERANCE 

REQUIREMENTS 


The  predicted  crack  growth  in  the  pitch  slider  shown  in  Figure  155  is  based  on  an  RMS  stress 
in  the  slider,  the  material  properties  measured  in  Task  III,  the  crack-stress  model  for  a hollow 
cylinder,  and  the  Paris  equation  for  crack -growth  rate.  The  RMS  stress  is  determined  as  shown 
in  Figure  FI. 

Fatigue-crack-propagation  rates  for  7075-T73  (Figure  127)  and  7475-TMT2  (Figure  146)  and 
short-transverse  fracture-toughness  values  for  6.7-inch  forging  (Table  21)  have  been  used  in 
this  example.  The  Paris  equation  was  selected  for  illustration  purposes  to  present  a simpler 
computation.  The  coefficients  for  fatigue-crack  propagation-rate  data  from  Figures  127  and 
1 46  are : 


7075-T73 

Cp  = 6.0493  x 10~7 
np  = 1.8329 


7475-TMT2 


Cp  =8.0902x10 
np  = 2.03514 


-8 


The  crack-stress  model  for  stress-intensity  factor  and  the  computation  procedure  are  shown  in 
Figure  F2. 


1 


1 
% J 


* 

j 


i 


j 

: 

* 

. 

i 

' 
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A weight  savings  due  to  the  improvement  in  fracture  properties  can  be  demonstrated. 

Based  on  the  measured  short-transverse  fracture-toughness  value  for  6.7-inch  7075-T73  forg- 
ing, the  pitch  slider  can  sustain  a 4.60-inch  crack  prior  to  catastrophic  failure.  This  is  based  on 
the  geometry  of  the  slider  and  the  relationship  for  stress-intensity  factor: 

^IC  ~ alimit  J n ac  *(ac) . 

Using  this  relationship  and  the  increased  fracture  toughness  of  7475-TMT2,  one  can  determine 
that: 


° limit 7475.TMT2 


/ KIC  TMT 
' KlC  T73 


) 


a 


limit  '■p'73 


° limit7475.TMT2  - 

See  Figure  F3. 


(1.48)  a limit  j73. 
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An  increase  in  the  allowable  stress  translates  into  a decrease  in  weight  as  shown  in  Appendix  E. 
Hence,  a 48-percent  increase  in  allowable  stress  results  in  a 48-percent  decrease  in  weight. 


As  shown  in  Figure  1 53,  the  slower  crack-growth  rate  in  7475-TMT2  can  be  advantageous  in 
reducing  weight. 

Crack-growth  rate  is  directly  affected  by  stress  level.  By  increasing  the  RMS  stress  in  the 
7475-TMT2  slider,  a tradeoff  in  weight  is  possible,  with  the  maximum  weight  reduction  oc- 
curring when  the  crack-growth  rates  are  identical  for  the  7475-TMT2  and  7075-T73  sliders. 

By  an  iterative  solution,  the  7475-TMT2  slider  can  demonstrate  the  same  failsafe  life  as  the 
7075-T73  slider  while  functioning  at  a stress  level  of  890  ± 1,650  psi.  Compared  to  the 
7075-T73  slider  at  700  ± 1,296  psi,  this  shows  a 27-percent  increase  in  allowable  stress  and. 
consequently,  a 27-percent  reduction  in  weight. 
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0.96  IN.2 

lyy  = 0.1313  + 4.037  - (1.933)  (2.014)  = 0.276  IN.4 
LOAD  CALCULATION: 

MOMENT  AT  SEC  A-A  - MA 

M = (141  ±261  LB)  (2.5  IN.)  (4.0  IN.)  = 188  ± 348  ,N,LB 
(7.5  IN.) 

TO  CALCULATE  Mpv,  CALCULATE  SHEAR  CENTER  e: 

e = [ (it  — 6)  cos  6 + sin0  ] 

(tr  — 6)  + sin  6 cos  0 

e = 2 <2-25> [ (3.14159  - 1.96)  (0.39073)  + 0.9205  ] 

(3.14159  - 1.96)  + (0.9205)  (0.39073) 

e = 4.035  IN. 

MOMENT  ARM  = (4.035  IN.  - 3.438  IN.)  = 0.597  IN. 

Mpv=  (0.597  IN.)  (141  ± 261  LB)  = 84  ± 156  IN.-LB 
Ma  = Mph  + Mpv=  272  ±504  IN.-LB 

fb  = 0.81  (272  ± 504  IN.-LB)  (0.875  IN.)/(0.276  IN.4)  = 700  ± 1,296  psi  (RMS) 

Figure  FI.  Stress  Analysis  of  Tail-Rotor  Collective-Pitch  Slider  for  YUH-61A  (Sheet  2 of  2). 
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Figure  F2.  Computation  Procedure  and  Crack-Stress  Model  for  Stress- Intensity  Factor 
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